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1.0 PROJECT BACKGROUND 


The MOD-2 Wind Turbine Program was initiated in August of 1977 when Boeing 
Engineering and Construction (a division of The Boeing Company) was awarded the 
contract for development of a multi -megawatt wind turbine system. This project 
was a continuation of the U.S. Department of Energy programs which had 
previously funded development of t'.e experimental MOD-0 machine at the NASA LeRC 
Test Center, at Plum Brook, Ohio; four of the 200 kW MOD-OA machines as installed 
and operated in New Mexico, Rhode Island, Puerto Rico, and Hawaii; and the 2000 
kW MOD-1 machine installed in North Carolina. These earlier raachi nes. were 
invaluable, in developing the technology required to harness the abundant and 
renewable energy from winds and provided a database for use in development of 
the MOD-2. The contract requirements established for the MOD-2 machine were 
structured to achieve a significant advancement towards early commercial 
realization of cost competitive electrical energy from wind power. 

As with the earlier developmental programs, the NASA LeRC was assigned program 
and technical management responsibility for the MOD-2 machine. 

1.1 PROJECT GOALS 

Stated in general terms, the DOE/NASA goals for the MOD-2 program were_as 
follows: 

0 Provide an economically viable alternative electrical energy system 
{cost competitive with some conventional fueled power plants) which 
could reduce the dependency on non-renewable fossil fuel electrical 
generation systems. 

0 Demonstrate feasibility of wind turbines operating in a utility network. 
The machine must be compatible with utility Interface requirements and 
general utility operations and maintenance practices. 

0 Stimulate wide industry involvement in the development of a commercial 
business base. 

1.2 SPECIFIC DESIGN REQUIREMENTS 

The primary design requirements established by the MOD-2 contract Statement of 
Work were: 

(1) The machine shall produce multi -megawatts at rated power. 

(2) The cost of electricity for the 100th production unit, when operated 
at a site with a mean wind speed of 14 mph, shall not exceed 4 cents 
per kilowatt-hour based on 1977 dollars. 

(3) The machine shall be of the horizontal axis type. 

(4) The rotor diameter shall be no less than 300 feet. 

(5) The machine shall be compatible with integration into a utility 
network (including Integration Of multi-units in a farm concept). 
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(6) Design for safe and reliable operation over a period of 30 years. 

(7) Design for unattended operation with automatic control for 
sequencing its operation. 

The specific requirements as extracted from the contract Statement of Work are 
shown in Table 1-1 . 

1.3 DESIGN APPROACH 

The generalized program approach was structured as illustrated in Figure 1-1. 

As shown, this was a phased program with several DOE and NASA reviews and 
approval prerequisites to entering the subsequent phase. In addition to the 
DOE/NASA review, several utilities were periodically briefed and contributed to 
the requirements for the interface to the grid, and the requirements for 
operations and maintenance (O&M). 

The most significant phases In terms of establishing the configuration were the 
Concept and Preliminary Design Phases. A more detailed logic diagram leading to 
PDR Is shown in Figure 1-2. Most significant in these activities are the trade 
studies which evaluated design and specification variations. The primary 
objective of all trade studies was to optimize system performance to obtain 
least cost of electricity. Table 1-2 summarizes the mujor studies leading to 
the preliminary design. The extensive analysis which led to the system 
definition at PDR is documented in reference 1. This final report focuses on 
the remainder of the program to the current O&M phase. 

The Detail Design Phase developed the production design drawings and all 
procurement specifications. During this phase, competitive proposals were 
solicited and evaluated for the selection of major hardware suppliers. Long 
lead procurement of selected hardware was authorized by NASA prior to 
completion of the Detail Design Phase. 

With NASA approval to enter the Fabrication Phase for three prototype 
machines, the remaining subcontracts were awarded for major components and - 
procurement of all hardware was initiated. The major component suppliers for 
the MOD-2 program are shown in Table 1-3 and Figure 1-3.. The major tasks in 
this phase were the release of the interface control drawings and specifiesu- 
tions and the extensive subcontract management tasks to assure interface 
compatibility, quality, and schedule commitments were met. Integrated system 
testing of initial components was conducted prior to first rotation with the 
objective of design verification. Spares requirements for assembly and test 
were Identified and unique wind turbine maintenance tools were designed and 
procured. Reliability and maintenance analyses were utilized to recommend an 
optimum operational spares provisioning to support the availability goals. 

Failure Modes and Effects Analysis (FMEA) is noted in Figure 1-1 to be a 
continuing activity throughout the program. The purpose of these analyses is to 
assure that the machine will operate in a fully automatic unattended mode and 
provide for safe shutdown from any out-of- tolerance condition or single point 
failure. The FMEA is further discussed in Section 2.7. 


; 
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Tabte 1-f. MOD-2 Requirements 
REQUIREMENT/OBJECTIVE H 


VALUE 


Design Requirements/Objectlves 
Service Life 

Power Output {3 phase, 60 Hz) . 
Rotor Orientation 

Weight and Dimensional CTransport) 
Finish Duration 

Cut-1 n/Rated/Cut-out Wind Speed 
Color and Identification Markings 
Rotor Diameter 
Environmental 

Mean Yearly Wind Speed at Site 

Wind Gradient 

Wind Speed Frequency 

Gust Criteria 

A1 ti tude 

Lightning Model 

Seismic 

Temperature Range 
Other (rain, hall, snow, etc) 
Maximum Design Wind 
Safety 

Fail Safe (Unattended) 

Fire Detection 
Site Security System 
Hazard Protection 
Network and Turbine Protection. 
Self Protection in Emergency 
Obstruction Marking and Lighting 
Operations & Maintenance 
Tools, Vehicles 
Automatic/Manual Operation 
Availability Objective 
Remote/Unattended Control 
Data Systems Channels 
Maintenance Concept 

Cost 

Cost of Electricity (100th Unit) 

Units in Farm 

Production Rate 

Fixed Charge Rate 

Cost of Elect. Equation Specified 

Site Definition 

Transport Distance 


1-3 


30 years 
Megawatt range 
Horizontal axis 
Yes 
Yes 

U/27.5/45 mph 
Yes 

>- 300 feet 

14 jiph at 30 feet 
Varible Power Law 
Wei bull 
Yes 

0-7000 feet 

Yes 

Yes 

-40‘’F. to 120“F. 

Yes 

120 mph at 30 feet 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes. 

Commercial 

Yes 

,90 Minimum. 

Yes 
> 100 
Yes 

Under 4^/kWh ($1977) 
2S 
Yes 
.18 
Yes 
Yes 

1,000 miles 
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Conceptual Prclimhary Detail design 

design review design review leview & NASA 

Go-ehead . & NASA approval & NASA approval approval 
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Detail design 
review & NASA 
approval 


NASA 

review 


Fabrication 


Interface 

control 

drawings 


ractorl 


ibilitvl 


I 

I 

I 

I 


Site 

selection 


Component 

procurement 


• Major item- 

* Minor items 

• Spares 

* Maintenance 
tools 


Site 

preparation 


• Access roads 
Foundations 

Tower 

erection 

Utility 

interface 

equipment 


Supporting tasks 


* Subcontract management 

* Quality assurance 

* Engineering liaison 

* Mech/electrlcal integration 
' Site mobilization 

* Integrated systems 
development tests 

* Config control 8i FMEA 


Assembly and 

integration 

tests 


• Nacelle 

• Rotor 

• Tower 

• NCU 


Assembly and test 


Readiness 
reviews 
and NASA 
approval 


Checkout 

tests 


• Pre-rotation 

• Wind power 


Supporting tasks 


NASA 

review 


Start 

utility 

operation 


Acceptance 

tests 


* Operation. 

• Performance j 


• O&M manuals 

• Spares definition 
•-Assembly plans 

Erection plans 

• Test plans 

* Qualify assurance plan 

* Transportation plan 

* Config control & FMEA 


Operations and maintenance 


Operational 

evaluation 


• Loads 

• Performance 

• Reliability 

• Maintain- 
ability 

• Availability 


I 



Supporting tasks 


* O&M training 

* R, M, A, improvements 

* Test planning 
*-Performance improvements 

* Reporting 

* Config control & FMEA 
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Tabh 1-2. Summary of Trade Studlea (Sheet 1} 


TRADE 

SELECTED 

CONFIGURATION 

REMARKS 


Didde T.E. Con figura lion 
(welded steel plate vs, 
fnam-fllled fiberglass vs. 
steel skinned honeycomb 
panels & others] 

Welded Steel Plate 

Minimum cost and risk 


Crack Detection System 

Low Pressure flow through 
orifices 

Cost effective means to provide 
early crack detection and WTS 
shutdown prior to failure 


Crack Stopping Design 

Not Practical 

High risk structure 


Hetal vs. Composite Rotor 

Metal rotor 

Composite requires further develop- 
ment and 1$ higher risk. Complicated 
pivot Joint and hub to mid-blade 
joint 


Upwind vs. Downwind 
Rotor 

Upwi nd Dotor 

Higher energy output reduces COE 


Tip to Ground 
Clearance 

SO feet 

Larger values of ground clearance 
increased power output, but .offset 
by Increased system costs 

\ 

Tilted vs Non-TIlted 
Rotor 

No tilt 

Small tilt angles can be accom- 
modated If required for blade/tower 
clearance. Tilt above 4-5 degrees 
Increases COE. 

... 

Epicyclic vs. Parallel 
Shaft Gear Box 

Epicyclic Gearbox 

Lower weight, lower cost, higher 
efficiency. COE reduced 0.55c/kMh 

' 

Low Speed Shaft Support 
Configuration (Fixed vs. 
Inplane vs. Rotating) 

Rotating Shaft support 

Lowest risk, lightest weight, 
least COE 


Generator Drive Selection 
(Direct vs. Gearbox 
Driven) 

Gearbox Driven 

Direct driven generator at 2500 kw 
would require SO feet diameter 

pancake shape with < 400 poles 
High weight & high »st 


Power Generation 
(60 Hertz Direct vs. 
Static Inverter) 

60 Hertz Direct 
(constant speed) 

Static Inverter systems adds con- 
siderable cost. 

COE would Increase O.S7(/kWh 

— 

■“ Generator Type Selection 

(Synchronous vs. Induction) 

Synchronous Generator 
with soft quill shaft 

Less risk, control understood 
COE reduced 0.035(/kHh 


Generator Speed Selection 
(1200 vs. 1800 rpm) 

1800 rpm 

Less generator cost, less drive 
train torque, gearbox not sig- 
nificantly costlier. Net 
COE reduction 


Generator Voltage Selection 
(4.16 KV vs. 13.8 KV) 

4.16 KV with transfomier 

Provides flexibility for multi- 
unit farm Installations, 4.16 Is 
standard for 2.5 mw generator. 
Smaller and'TIghter. Least system 
cost 


Generator Selection 
(Effect of site altitude) 

One design > standard 
contiercial generator 

Slightly derated at 7000 ft - 
hot day. Could accommodate 
extreme environment range with 
modified design at slight cost 
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Table 1-2. Summary of Trade Studies (Sheet 2} 


TRAnt 

smcnn 

CONFIGURATION 

REMARkS- 

Hxed vs. variable speed rotor 

Fixed speed rotor 

Varlable speed captures more energy 

but adds 0.574/kHh 

Cut-In wind speed - low 

14 MPM B hub height 

11 mph reg'd to sustain rated rpm, 
3 mph margin avoids frequent stgp/ 
start cycles 

Cut'Out wind speed - h1<jh 

4S mph B hub height 

Total energy available above 45 mph 
Is less than U for specified wind 
spectrum 

Design Hind Speed 

20 mph B nub height 

Maximum specific energy output for 
design specific power power rating 
of 35.4 watts/sq. Jt. 

Rated Wind Speed 

27.5 mph 0 hub height 

Compatible with des1go_w1nd speed 

Design Power Rating 

25CO KW generator 

Considered minimum COE for specific 
power of 35.4 watts/sq. ft. In specified 
14 mph wind spectra. 

Design Service Life 

30 years 

Mlnimlm COE considering periodic 
component replacements 

Extreme Wind Speed 

120 mphJS.30 ft. 

Applicable- for sites with highest 
occurrence of high winds such as 
Florida and Cape Hatteras. 
Negligible penalty at typical 
sites 

Hacliine Size Optimization 

21iOO kW Generator 
3u{i ft. dia. roti.r 

Considered minimum COE for site with 14 
mph mean wind. See Figure 4.1. 

Mean Hind Speed 

Specification value « 14 mph 

MOD-2 near optimum over typical site 
nean winds. See Figure 4.2 

Two vs. Three Blade Rotor 

Two blade rotor 

Increased energy output of 3 blades 
more than offset by Increased system 
costs. 

Teetered vs. Rigid Rotor 

Teetered rotor 

Total WTS weight reduces 61,000 lb. 
COE reduced 0.14f/kWh 

Teeter Stop Study (Brake 

vs. rigid vs. spring v$.^1scous 

damper) 

Friction brake & rigid stop 

Brake concept reduces risk and 
controls teetering when parked 

Teeter Bearing Study 
(Roller vs. plain vs. 
elastomeric) 

Elastomeric Bearing 

Least cott.p1ex, no lube system and 
seals required 

Optimum Rotor Speed 

17.5 rpin 

Studies showed maximum energy oulput at 
17.5 rpm. Higher rpm reduces system 
weight and cost, but not sufficiently 
to overcome energy loss. 

Partial vs. Full Span Rotor 
Control 

Partial (30X Tip) 

Reduces loads, less coiiiplex hub, 
reduced weight, and COE reduces 
• 0.44/kHh 

Aluminum vs. Steel Tip Blade 

Steel Tip Blade 

Steel Is negligibly heavier due to 
fatiguo critical loads. Steel tip 
approx. (16,000 cheaper than aluminum, 
Eliminates development work on elumimin 
structure. 

Airfoil Geometry (NASA 
230XX vs. 430XX vs. 44XX 
and atodlflcatlons) 

NASA 230XX 

For equal performance, the selected 
airfoil results In lightest rotor end 
least COE 


1-9 




1 


TRADE 

Desirability of Energency 
Delsel Driven Generator 


Generator Circuit Breaker 
(Nacelle vs. Ground Level) 


Wiring Transfer Across Taw 
Bearino (Slip ring vs flex 
cables) 

Nacelle Taw Drive 
(Electric vs. Hydraulic) 

Nacelle Structural Concept 
(Truss vs. Heavy Bed Beam 
vs. Seml-Honocque) 

Nacelle Truss Members 
(Closed Box vs. Open I 
Section) 

Tower Configuration 
(Soft shell vs. Stiff 
Truss) 

Tower Configuration 
(Soft vs Soft-Soft Tower) 


Tower Configuration 
(Braced vs. Conical 
Base) 


Tower Configuration 
(Cone to Cylinder 
transition, abrupt vs. 
hyperbol 1c) 

Control System 
(Analog vs Micro- 
processor) 


Control System - 
Microprocessor Location 
(Ground vs. Nacelle) 
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Table h2. Summary of Trade Studies (Sheet 3} 


SELECTED 

CONFIGURATION REMARKS 


No emergency generator 

Nacelle Located GCB 

Slip Ring 

Hydraulic 
Truss Type 


48 vdc - SO amp-hour batteries 
handle requirements In the event 
of utility power loss 

Eliminates additional yaw slip 
rings. Less coaiplex, emre reliable 
and least cost 

Nacelle rotation not limited. 

Flex cable would require development 
and test with high risk of United life 

Lower cost, smaller size, higher sUll 
torque, may stall without. damage 

Approximately l/Z cost of other concepts. 
Slightly less wei ght 


Open 1 Sections Best weld capability, least fabrication 

cost 




Soft Shell Tower 
(freq ■ 1.3 - 1.5 
cycles/rev} 


Soft Tower attenuates 2/rev loads. 
Lighter, cheaper. COE reduces 
I (/kWh 


Soft shell tower The soft-soft shell (0.8 cycles/ 

rev) resulted-in small diameter 
(7 ft) tower. Not. adequate for man- 
lift and no appreciable cost saving 


?*** . Braced, tower structurally 1n- 

(250 Inch diiioeter) determinate. Susceptable to 

differential settlement. Higher 
risk with no significant cost 
saving. 

Hyperbol ic Transition _ Hyperbolic reduces local stresses 

and eliminates approx. 3600 lb 
of ring and gussets 


Microprocessor-based 
Digital System 


Nacelle Computer and 
Signal Conditioning 


Reliability due to less parts, 
reduced cost, coakncrcially available 
components, flexibility to accom- 
modate system changes, superior 
performance 

The ground located system requires 
multiplexing system. Nncelle 
location provides COE reduction 
of O.U/kWh 


MO 


ORIGINAL PAGE IS 
OF POOR QUALITY 


Table 1-3. Major Subcontractor 


ITEM 

SUBCONTRACTOR- 

FUNCTION 

Rotor 

Pittsburgh - Des Moines Steel Company 

Fabrication 

Tower 

Chicago Bridge and Iron 

Fabrication 

Nacelle 

Bucyrus-Erle, Inc. 

Fabrication 

Low Speed-Shaft - 

Bucyrus-Erle, Inc. 

Fabrication 

Quill Shaft 

E. M. Jocgensen Comoanv 

. Forging and 
Machining 

Shaft Coupling 

SKF 

Fabrication 

Teeter Bearing 

Lord Kinematics 

Design .and 
Fabrication- 

Gearbox 

Stal -Laval 

Design and 
Fabrication 

Generator 

Beloit Power Systems 

Des1.gn and 
Fabrication- 

Gen. Acc. Unit 

Golden Gate Switchboard Co. 

Design and 
Fabrication 

Bus Tie 

Contactor Unit 

Golden Gate Switchboard Co. 

Design and 
Fabrication 

Slip Rings 

Electro-Tec Corp. 

Design and 
Fabrication 

Yaw Bearing 

Rotek 

Design and 
Fabrication 

Shaft Bearings 

Torrington 

Design and 
Fabrication 

Assembly 

BOECON 

Construction 


1-11 


^1 


R. f 


I 


I 


ORIGINAL PAGE !S 
OF POOR QUALfTY 


RMtrvior, Pitch Control, 

Twttr Soaring Brackat „ 

Oilll Shift V jMfg Facility (MSiE Initillitiont) 


Buihlngi 


Rotor 

Mid/Tip 


Gontritor 


L/S Shift 
finrlngi 


SKF Coupling 
QMibox 


Val«i flfimifold 
AmmUy 

/ Tutir f 

rs. Burlngl 



1 FoeatMlo / 

— r / 


VuJ 


1 ( 


1 9SMtUk9Qtr 

— 1 

fsMh 



r' HydrMlIe 


Slip Rlngi 


L/S Shift 


Hydraulic 
Power Unit 


Pneition 

PotMitlomitir 


Hydnullc 
Sivivil Actuator 


Forgid.Pipo 


Figurs h3. Major Supplier Locations 


2 






Following DOE evaluation of utility proposals, the Bonneville Power 
Administration (BPA) was chosen to be the. operator of the three unit cluster of 
MOD-2 machines. The machines were to be Installed at the BPA site located In 
the Goodnoe Hills near the Columbia River Gorge. This site is located near 
Goldendale, Washington and generated power Is fed to the Klickitat County 
utility grid. Site layout plans were developed and 5, 7 and 10 diameter 
spacings between, wind turbines established to support the evaluation of 
efficiency losses due to wake effects on multi-units In a cluster concept. Soil 
conditions were -evaluated to enable foundation design. The site was mobilized 
under the direction of the Construction and Test Manager. Roads, laydown 
areas, foundations, underground power and communication interconnect, utility 
substation, and ground electrical facilities were installed. The towers were 
erected to support the arrival and installation of the wind turbine system. A 
detailed description of the site -preparation and wind turbine erection activity 
is provided In Appendix A. 

The Assembly and Test Phase, is described in Section 3.0 of this report. In 
summary, assembly and verification checkout of the nacelle and contents and of 
the rotor was first accomplished In the factory environment prior to partial 
disassembly for transporting to the site. The first MOD-2 unit underwent 
factory checkout with the nacelle and yaw bearing interfaced to a stub tower 
and Interfaced to a rotor simulator. This allowed an evaluation of the pitch 
and yaw hydraulic actuated systems. After reassembly at the site functional 
checkout of all systems was conducted on the nacelle and rotor at the base 
of the tower. AfJter satisfying all checkout test requirements, an installation 
readiness review was conducted and NASA approval obtained for installation. 
Following Installation, a sequenced series of tests systematically led to the 
confidence to achieve wind powered operation and then synchronization and 
operation on the utility grid. This testing sequence is depicted in the test 
flow diagram of Figure 1-4. 

The program Is currently In the Operations and Maintenance phase. This O&M 
phase has been invaluable In providing engineering data to tune the system for 
reducing (lynamic loads and improving system performance. Component reliability 
and system maintenance problems are being discovered, evaluated, and improve- 
ments Incorporated. System availability is showing marked improvement as 
initial operational- problems are being solved. 
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1.4 PROGRAM MASTER SCHEDULE 


The chronology of significant program milestones as actually achieved Is shown 
In Table 1-4. Original contract schedule milestones were achieved from 
contract award- In August 1977 through the design phases to completion of detail 
design In May 1979. 

There were five particularly significant events during the subsequent contract 
performance period which led to major program phasing changes. These were: 

(1) Site selection and site access delay (1979) 

(2) Rotor fabrication slides (mid 1980) 

(3) Boilermaker union strike (1980-1981) 

(4) Winter weather and low winds (1980-1981) 

(5) Major equipment failure of WTS No. 1 (1981) 

The spectrum of potential problems is evident In these events. The access to 
the site for Initial preparation of facilities, sail tests for foundation 
design, roads, foundation Installation, etc., was nearly nine months later than 
originally scheduled. The difficulty in forming, fabricating, and heat 
treating the large rotor structures resulted in a six-month slide from March 
to September-1980 for delivery of the final blade section. Work at the site 
was well underway when the boilermaker’s union struck In nine western states 
in October 1980. All work at sites #2 and #3 was stopped for six weeks and 
picketing held up work on site #1 for two weeks. When finally settled, It was 
late November and adverse weather severely slowed work In the field. Although 
WTS #1 achieved Initial rotation the morning of November 1, much of 
November 1980 to May 1981 was lost due to poor weather and below normal winds. 

On June 8, 1981, during a planned emergency shutdown tesi, a pitch system valve 
malfunction resulted In an overspeed condition to WTS #1.- The overspeed 
destroyed the generator and quill shaft and caused minor damage to several 
smaller components. All operations on WIS #2 and #3 were suspended for five 
months while damage assessments, failure investigations and system design 
changes were Implemented. Operations and .testing of WTS #2 and #3 were 
resumed in October 1981 under controlled conditions. WTS #1 returned to 
operation In April, 1982. 

The program schedule achieved is shown In Figure 1-5. 
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Table 1-4. Significant Program Miiestones 


GO-AHEAD 

CONCEPTUAL DESIGN COMPLETE 
PRELIMINARY DESIGN COMPLETE 
DETAIL DESIGN COMELETE 
FABRICATION START 
DOE SITE SELECTION 
1ST UNIT SCHEDULE 

START SITE PREPARATION 
SITE PREPARATION COMPLETE 
COMPONENT FABRICATION COMPLETE (LESS ROTOR) 
TOWER INSTALLATJON COMPLETE 


NACELLE INTEGRATION AND TESTS COMPLETE 
ROTOR FABRICATION COMPLETE 
SITE. INSTALLATION COMPLETE 


INITIAL ROTATION 
LST UNIT CHECKOUT COMPLETE 
2ND UNIT CHECKOUT COMPLETE 
DEDICATION OF SITE 
3RD UNIT CHECKOUT COMPLETE 
1ST UNIT OVERSPEED INCIDENT 
WIND TURBINE OPERATION STOPPED 
INCIDENT INVESTIGATION COMPLETE 
RESUME OEERATION UNIT 3 
RESUME OPERATION UNIT 2 
RESUME OPERATION UNIT 1 
TECHNICAL ACCEPTANCE 
FINAL ACCEPTANCE 
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AUG 1977 
JUL 1978 
NOV 1978 
MAY 1979 
JUN 1979 
OCT 1979 

MAR 1980 
JUN 1980 
JUL 1980 
AUG 1980 
AUG 1980 
SEP 1980 
OCT 1980 
NOV 1980 
FEB 1981 
MAY .1981 
MAY 1981 
JUN 1981 
JUN-1981 
JUN 1981 
SEP 1981 
OCT 1981 
OCT 1981 
APR 1982 
MAY 1982 
OCT 1982 
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Figure 1-5. As Compieted MOD-2 Contract Schedule 


2.0 SYSTEM DESCRIPTION 


This section describes the MOU-2 Wind Turbine System (WTS) now operating in the 
3 unit cluster near Goldendale, Washington. It is essentially identical to the 
configuration described in reference 1 with minor system modifications resulting 
from the test phase experience. 

2.1 GENERAL ARRANGEMENT AND CHARACTERISTICS 

A photo of a MOD-2 at Goldendale is shown in Figure 2-1. The general 
arrangement and characteristics of the current WTS configuration are shown in 
Figure 2-2. It is designed for operation at sites where the annual average wind 
speed is 14 mph measured at 30 feet {20 mph 0 hub height). The system generates 
electricity when the wind speed at hub height {200 feet) exceeds 14. mph. At 27.5 
mph and higher {at hub height), the system is designed to produce its rated 
power of 2500 kW. Above 45 mph {at hub height), the system is shut down to avoid 
high operating load conditions. The annual energy output at a site with a 14 mph 
average wind speed 0 30 ft. is 9753 million kWh. This energy output combined 
with an estimated 100th production unit turnkey cost of $2,109,000 {in 1980 
dollars) results in a predicted cost of electricity of 4.1j^/kWh at the bus bar. 
During operation, the wind turbine is tied to the utilities power grid through 
standard transmission lines. 

The WTS is a horizontal axis machine utilizing a 300 foot diameter partial span 
control, upwind rotor. The rotor's center of rotation is 200 feet above ground 
level. It is coupled to the low speed shaft through an elastomeric teeter 
bearing. A 2500 kW synchronous generator is driven via a step-up planetary 
gearbox and "soft" quill shaft. The generator, gearbox, hydraulic systems, 
electronic controls and other support equipment are enclosed in a nacelle 
mounted atop a cylindrical steel tower. The nacelle can be yawed {rotated) to 
keep the rotor oriented correctly into the wind as the wind direction changes. A 
hydraulic pitch control system is used to control the position of the movable 
rotor tips. The movable rotor tips are used to obtain a constant rotational 
speed of 17.5 rpm, and to maintain the proper power output at wind speeds above 
rated wind speed (27.5 mph @ hub). 

The WTS is controlled by an electronic microprocessor. The microprocessor is 
designed to allow unattended operation of the WTS at a remote site by monitoring 
wind conditions and the operational status of the wind turbine. Equipment 
failures result in automatic safe shutdown of the WTS. System status is 
monitored at the utility substation, from which maintenance crews are dispatched 
as needed. 

2.2 SUBSYSTEM DESIGN 

This section describes the basic subsystems and major components of the wind 
turbine. It is divided into rotor, drive train, nacelle, tower/ foundation, 
electronic control and electrical power system sections. 
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Wind 




Rated power 

2.500 KW 

Rotor diameter . 

300 ft 

Rotor type 

Teetered - tip control 

Rotor orientation . 

Upwind • 2.6° tilt 

Rotor airfolt 

NACA 230XX 

Rated wind 9 hub 

27.5 mph 

Cut-off wind tpeed @ hub 

46 mph 

Rotor tip speed 

276 ft/sec 

Rotor rpm 

17.6 

Generator rpm 

1,800 

Generator type 

Synchronous 

Gear box 

Compact planetary gear 

Hub height 

200 ft 

Tower 

Soft -shell type 

Pitch control 

Hydraulic 

Yaw control 

Hydraulic 

Electronic control 

Microprocessor 

System power coefficient (max) 

0.382 


Ffgun 2-2. Conffguntion Featurat and Characterfstfa 
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2.2.1 Rotor 
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the rotor is divided into three primary sections; the 
section. The tip (outer 30%) is rotated with 
rn5^mf5”^° Jf® remainder of the blade to control rotor speed and power. The tip 

worJcing portions of the blade. The hub action is ^ 
attached to the mid section with a field splice, and is a transition from an 
airfoil cross-section to_an oval cross-ssction. tranbinon rrom an 



Figure 2-3. Rotor Configuration 
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The rotor was fabricated from ASTM A633 steel by Pittsburg-Ues Moines Steel 
CompatW «t plants located In Ogden. Utah and Ues Molne, llZ StlJns of the 
rotor during fabrication are shown In Figure 2-4, 


Boite< 
joint flange 


gjj iS^S » »■ 

r*'>‘ . ' - • 






tip section 








mid section 








..tfir' 










Teeter bearing 
fnsteliation 




hub section 


Figure 2-4. Botar Assembly 
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Each tip Is controlled by a hydraulic actuator mounted on tne blade mid section 
adjacent to the tip section as shown In Figure 2-5, The flow control to the 
actuators Is governed by a signal from the automatic control system to servo 
valves. The position of the tips Is monitored by position transducers and fed 
back to the control system. The normal rate of rotation of blade tips Is from 
0.1 to 1 degree per second. 



In the event of critical system faults, the actuators drive the blade tips to 
the feathered position at rates of 4 to 8 degrees per second (depending on 
actuator position), using energy stored In separate hydraulic accumulators. The. 
pitch rates are such that under any failure mode, no overspeed will exceed 11 % 
of normal rpm. Redundancy Is provided by the ability of either one of the 
operating actuators to shut down the system should one actuator become 
inoperative. Locks are provided to hold the blade tips in the feathered position 
when the hydraulic system is depressurized. 

The blade tip section with the spindle assembly and the hydraulic actuator are 
attached to the blade mid section as a unit (Figure 2-5). The attachment Is 
made by 6 bolts for ease of assembly and removal. Either blade tip can be 
removed Independently from the WTS. The spindle protrudes Into the blade mid 
section In a way which provides a load path for centrifugal and bending moments. 
Tapered rings at the outboard rib and a close tolerance bushing at the Inboard 
rib assure a tight fit between the spindle sleeve and the mid section of the 
rotor. The bearings are lubricated with a long-life grease. 
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The pitch control hvdrauT 1c system consists of an electrical motor driven pump, 
reservoir, accumulators, filters, heat exchangers, control valves, associated 
plumbing and actuators. Hydraulic components not located In the blade are 
Installed on and rotate with, the low speed shaft (Figure 2-6). This eliminates 
any requirement for a hydraulic slip ring. 


Hydraulic 
flex lines 



Accumulators 


O 


Low speed 
shaft-assy 


Reservoir 
Hydraulic Pump 


Teeter brake 


Figure 2-6. Pitch Control Hydraulics 


Because the hydraulic system Is located in a rotating environment, special 
attention has been applied to design for this environment. The components on 
the low speed shaft are exposed to approximately 1.3 g's and the reservoir has 
been tested in this environment with no adverse effects. The blade tip control 
actuator, rotating In an 11 g environment, has been selected with oversize rod 
and piston bearings, and is in the retracted position when exposed to this 
envl ronment. 
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The attachment of the rotor to the low speed shaft Is by a teeter type bearing, 
which minimizes the one per revolution blade flapwise loads and the'^effects of 
small unsymmetric gusts, resulting In reduced fatigue loads. The teeter motion 
takes place In two radial elastomeric bearings which also transmit the rotor 
output torque into the rotor (low speed) shaft (Figure 2-7), The use of the 
elastomv.Tic bearings eliminates lubrication requirements and prevents fretting 
that would be likely to occur If roller bearings were used. The elastomeric 
bearings consist of concentric alternate layers of sheet steet and rubber bonded 
together forming a package that is highly flexible in torsion and provides the 
required radial load capablltly. 



Figure 2-7. Teeter Bearing Installation 
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teeter motion to ±6.5“. A teeter brake was 
provided to prevent rocking when the rotor is in the standby mode and tn 

JSe i: IK :: 

The teeter bearing is fabricated by Lord-Kinematics in Erie Pennsv^uan^a 

““'''■'S cyclic loal test Jc In thfSIe II test 
facility. A detailed description of this test Is proJldlS ll paKIph “l.5. 


\ 



Teeter Teeter 

bearing bearing 

houiing 


Figure 2-8. Teeter Bearing U*o Test 


2-10 



ORIGINAL PAGE IS 
OF POOR QUALITY 

A major concern In the design of the welded steel rotor Is the ability to assure 
safe operation for the structure's life in the cyclic load environment. The rotor 
is subjected to approximately 200,000,000 alternating stress cycles in its 30 year 
life. Fatigue cracks can develop due to internal material, or weld flaws or from 
external damage. Therefore, a crack detection system was developed to provide for 
an automatic safe shutdown prior to the crack progressing to a critical failure 
size. Cracks detected can then be repaired and the system returned to operation. 
The rotor assembly is completely sealed except for a known orifice in each blade. 
Compressed air is then regulated through flow meters to maintain one psi in each 
blade. A schematic of the system is shown in Figure 2-9, An unbalance of flow 
between the two blades indicates a potential crack and initiates shutdown of the 
machine. Inspection and repair of most crack problems can be accomplished without 
removal of the rotor. 



Figure 29. Blade Crack Demtion Syitem Block Dia/grarrt 
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The large diameter low speed shaft transfers the rotor forces Into the nacelle 
structure through the two shaft support bearings. The forward bearing supports 
the radial load while the aft bearing transfers both thrust and radial loads to 
the nacelle. The rotor torque Is transmitted to the gearbox through the "soft" 
quill shaft. The purpose of the softness Is to reduce the two per revolution 
rotor torque fatigue effects at the gearbox and to Improve the quality of the 
generator output. Figure 2-11 shows the shifting being Installed In the nacelle. 

The quill shaH to gearbox, coupling Is produced by SKF of Sweden. This coupling 
Is installed with a press fit and carries torque through friction. It is 
hydraulically actuated for ease of installation and disassembly. 

Electrical power and control signals ace transferred from the nacelle electrical 
power and control unit by brushes and a slip ring assembly on the quill shaft. The 
slip rijig is split in two halves to allow removal and replacement without de- 
coupling the drive train. This slip ring, as well as the yaw slip ring are 
produced by the Electro-Tec Corporation of Blacksburg, Virginia. 

r 


Forward Low tpeed Aft bearing and 

bearing shaft support structure 



flguim 2-1 1. Low Speed Shaft Assembly Installation 
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A 103:1 step-up of rpm from 17.5 to 1800 rpm 1s provided bv a three 

™tgJri«s expensive 

aTtriLfi^Lai ptpr?jij^ap„„g. 
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The generator 1s a synchronous electrical generator, rated at 2500 kW. The unit Is 
an open frame, drip proof, four salient pole brushless machine that operates at 
1800 rpm and has a shaft mounted exciter. The generator utilizes Journal typo 
bearings lubricated by a forced oil system supplemented by a passive scoop 
lubrication system. Additional Information on the generator bearing lubrication 
system Is provided In Section 5.3.8. This generator (Figure 2-13} Is provided 
by the Beloit Company of Beloit, Wisconsin. 


Lifting lug 


^Bearing temperature 
'sensor 


/Parking brake 
' mounting bracket 


1 
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Bearing access 
cover 


Oil drain i 


Figure 2-13. Generator 
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The high speed, shaft with disc-pac couplings is shown in Figure 2-14. It 
incorporates a chain drive sprocket and a parking brake disc. The chain sprocket 
is used in conjunction with an electric motor and gearbox to provide the ability 
to position the rotor for maintenance. The rotor parking brake minimizes rotor 
rotation when the WTS is not running. This prevents gearbox damage due to steady 
rotation without lubrication. The braking mechanism consists of a disc mounted on 
the high speed shaft and a spring actuated brake attached to the generator frame. 
The brake is disengaged by an electrically actuated hydraulic valve and engaged by 
spring force when the electrical circuit is open. The disc utilizes a replaceable 
element to minimize maintenance time in the event of brake disc wear. 

As a result of the FMEA and maintainability studies, provisions for a positive 
mechanical lock mechanism are incorporated in the high speed shaft. This prevents 
rotation of the wind turbine during maintenance periods. 



Figure 2-14, High Speed Shaft 
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2.2.3 Nacelle 

The nacelle houses the major subsystems of the MOD-2 WTS such as the drive train, 
generator with its accessories, yaw bearing and drive, and associated hydraulic 
systems for pitch and yaw control shown In Figure 2-15. Other equipment In the 
nacelle Includes generator cooling air ducts, gearbox oil cooling radiators, 
maintenance lighting fixtures and wall plugs, electronics cooling and heating 
system, general nacelle air circulating system, fire protection equipment, and 
maintenance provisions equipment. 

Its primary functions are to provide a rigid mounting platform for the system 
components, react to color loads and provide environmental protection for the 
components . 



Figure 2‘IS. Nacel/e Equipment Installation 
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The nacelle structure is of welded ASTM A36 and A633 steel truss construction and 
manufactured by Bucyrus-Erle Inc., In I'ocatello, Idaho. Its primary dimensions are; 
36.8 feet long, 9.3 feet high, and 11.3 feet wide. The top and sides are sheathed 
with corrugated steel sheets, and the floor is steel safety plate. A central floor 
hatch prot^ldes normal access from the ^r'wer, and a second hatch provides access to 
the_tower platform. 

Primary considerations In the design of the nacelle were maintainability and 
safety. The MOD-2 design utilizes two overhead monorails for equipment handling. 

One of these extends through a large door in the downwind end of the nacelle. It 

can be used In conjunction with a portable hoist to raise equipment from the 
ground. There are also large overhead hatches for the Installation or removal of 
large pieces of equipment. Care has been taken to allow sufficient room for 
maintenance procedures to occur within the nacelle. 

Safety features of the nacelle Include an Integral fire extinguisher system, non- 
powered emergency manlowering devices for emergency egress, the ability to remove 
an Injured person on a stretcher, and the positlyg mechanical shaft locking device. 

The nacelle also houses the yaw drive system. The yaw system connects the nacelle 
to the tower as shown in Figure 2-16. It rotates the rotor and nacelle into 
the wind- at a rate of 1/4 degree per second, and holds them In position as 
commanded by the yaw control system. All rotor and nacelle loads are transferred 

to the- tower through the yaw bearing which Is of a three row roller configuration 

with an Internal ring gear. The raceway diameter is approximately 120 inches In 
order to handle the large overturning moments and to react to the rotor torque. 


Figure 2-17 shows the yaw bearing produced by ROTEC, Inc., of Aurora, Ohio. 

Proper nacelle orientation to the wind Is maintained by the yaw control system. The 
control system utilizes a wind sensor to determine wind direction. To allow for the 
short period, wide directional variations common at low wind speeds, the yaw. 
control system uses averages to determine wind direction. The control system then 
provides commands to the yaw drive system with the goal of maintaining orientation 
within ±7 degrees of the wind direction to minimize energy losses. If the average 
deviation over an approximate 6 minute period exceeds ±7 degrees, the control 
system will initiate yaw drive to align the nacelle with the wind vector. If the 
yaw error, averaged over a 25.6 second period, exceeds 20 degrees, a similar yaw 
correction Is made and If the yaw error averaged over 2 minutes exceeds 20 degrees 
the machine automatically shuts down. 

The yaw drive system operates at 2,000 psi and consists of an electric motor, 
hydraulic pump, heat exchanger, reservoir, filters, and the necessary valves 
and tubing. These drive a hydraulic motor which runs a pinion meshing with the 
gear on the Inner face of the yaw bearing. The drive pinion and shaft are 
protected from overload and subsequent mechanical damage by limiting the capacity 
of the yaw drive hydraulic motor. 

Six brakes hold the nacelle from inadvertent yawing due to wind loads during "no 
yaw" operation. The yaw brake calipers are spring actuated and hydraulically 
released through the yaw drive hydraulic system. This is a failsafe feature 
assuring that the brakes are applied If there Is a hydraulic failure. 


2-18 



2-19 









ORIGINAL PAGE IS 
OF POOR QUALITY 


2.2.4 Tower/Foundation and Facility Layout 

The nacelle assembly Is supported by a 193 foot tall, cylindrical welded ASTM A572 
steel tower. The tower Is 10 feet In diameter with a base section flaring to 21 
feet In diameter at the ground. It Is bolted to a foundation of reinforced 
concrete as shown In Figure 2-18. At Goldendale, 72 rock anchors 28 feet long 
attach the foundation to bedrock. The tower Is manufactured and erected by Chicago 
Bridge and Iron Company. 

The tower Is designed to have a low natural bending frequency (approximately 

1.3 per rotor revolution) to reduce the alternating rotor loads transmitted 

to the tower. 

An external platform near the top of the tower provides access to service the vaw 
brakes and wind sensors. 

The tower contains an. Internal cable/drum type lift to provide transportation from 
the ground to nacelle. The lift ends at a platform near the top of the tower, with 

final nacelle access by a ladder as shown In Figure 2-16. A ladder with safety 

cable runs the entire height of the tower to allow access/egress In the event of a 
lift failure. The power and control cables run from the electrical slip rings at 
the top of the tower, down the tower side to the bus tie corvtactor unit 1ocated_on 
a separate concrete E.ad external to the tower. A step-up transformer is also 
located on this pad. Additional electrical and control equipment is located In the 
tower base. The power cable lines are buried from the tower to the utility 
connection at the transformer pad. 

A typical facility layout is shown in Figure 2-19 and an aerial view of the 3 unit 
facility layout Is shown In Figure 2-20. 



Fi^n 2- 18. Towdr Foundation 
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2.2,5 Electronic Control System 

The control system provides the sensing, computation, and commands necessary for 
unattended operation of the WTS as shown In Figure 2-21. 

The controller Is a microprocessor which Is located In the nacelle control unit and 
Initiates startup of the WTS when .the wind speed Is within prescribed limits. After 
startup, it computes blade pitch and. nacelle yaw commands to maximize the power 
output for varying wind conditions. Continuous monitoring of wind conditions, rotor 
speed power and equipment status is also provided by the microprocessor which will 
shut down the WTS for out-of-tolerance cond1tions_ 

A control panel and Cathode Ray Tube (CRT) terminal are located in the tower base 
to provide operating and fault data displays and manual control for maintenance. A — 
remote CRT at the utility substation, will provide display and limited WTS control. 
Fault code history display is provided at the remote CRT to identify maintenance 
requirements prior to dispatch of the maintenance crew. 

The WTS Is protected from computer system failure by an independent failsafe 
shutdown system. The failsafe system also provides sensor redundancy on critical 
components, and- initiates shutdown Independent of the primary control system when 
necessary. The design of the failsafe system was governed by the results of the 
FMEA (Reference 2). As a result of the failure incident resulting in overspeed on 
Unit #1, a third independent set of valves provides shutdown for an overspeed 
condition. Figure 2-22 shows the automatic shutdown system employed to assure 
failsafe operation. 



Figure 2~21. Control System Block Diegram 
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Figure 2-22. Sa^ty/^utdown System 
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lr,e control software for the microprocessor occupies approximate! v ’2 OQO hvtpc nf 
read-only memory with an additional 4, OOoTytes of random^acces^ ^ 
operating and history data storage. Th^ software contrSl Jycffls 

contrS provide a one Hertz response digita? feedback 

all CO u pitch system. In addition, each program cycle also samoles 

all sensors, schedules the proper operating mode, and generates coLands 
required to control nacelle position with respect to trSind! ' 

2.2.6 Electrical Power System 

output side of a fused manual disconnect switch located at the foot 
of the tower. Once the WTS and the utility are electrically connected the 

"5k f“tomatically result In generator fluency 

control since the utility power grid 1s effectively an Infinitelbds to thrSrs ^ 
Thus constant generator and rotor rpm will be maintained. 



Figure 2-23. Electrical Power System Block Diagram 
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The MOD-2 electrical power system employs a four-pOle synchronous generator 
containing an Integral brushless exciter. It Is a 3 phase, 60 Hertz, 4160 volt 
generator rated to provide 3125 KVA at 0.8 power factor, I.e., 2500 kW, at 
altitudes to 7,000 feet, or temperatures to 50 degrees C. Excitation control Is 
provided to maintain proper voltage prior to synchronization with the utility and 
to provide a constant power factor output afterwards. Protective relays are 
provided to guard against potential electrical faults, out-of -tolerance performance 
or equipment failures. These relays will detect overvoltage. Toss of excitation 
underfrequency, overcurrent, reverse phase sequence, reverse power and differential 
current, and will pretect the system by Inhibiting synchronization, directing the . 
control system to shut down or, if required, trip the generator circuit breaker. 

The operation of these protective relays was governed In part by the results of the 
FMEA and standard utility practice. 

Power Is delivered to the utility transmission line through a bus tie contactor. 

Its operation is controlled by automatic synchronization equipment, located at the 
tower base. Accessory power for operation, control and maintenance is obtained from 
the utility or generator output depending on the operating mode, and ts Internally 
conditioned to appropriate voltage levels. Eight six volt batteries In series 
floating across a charger, provides an uninterruptable power supply for operatlon. 
of protective devices and critical loads. 
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2.3 SYSTEM PERFORMANCE 

The performance of the MOO-2 WTS ts specified by its system efficiency curve, its 
power and energy output distributions, and its annual energy output. 

The efficiency of the MOD-2 WTS is described by a non-dimensional number known 
as the power coefficient. Physically, the power coefficient is that fraction of 
the wind's kinetic energy passing through the rotor disc which is converted into 
mechanical or electrical energy. 

The system power coefficient for the MOD-2 WTS is shown in Figure 2-24. As 
indicated on the figure, the system power coefficient is derived from the rotor 
power coefficient and the efficiencies of the drive train and electrical sub- 
systems. Also indicated on Figure 2-24 is a rated power line for 2500 kW at sea 
level standard conditions. 

The system efficiency curve can be translated into a power distribution curve 
when the atmospheric density is given, 

f 
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The MOD-2 system design-power output distribution is shown in Figure 2-25 for 
standard temperature at sea level and 7,000 foot altitude. The cut-in, rated and 
cut-out wind speeds are also indicated on this figure. Actual operational 
performance currently experienced during the checkout and acceptance test phase 
is discussed in Section 5.0. 



Figure 2-2S. System Power Output Versus Wind Speed 

The energy output frequency, distribution for the MOD-2 WTS is derived by 
combining the output power distribution curve with the wind frequency 
distribution for a given site. The design energy output frequency distribution 
for the MOD-2 WTS is shown in Figure 2-26 for sea level standard conditions. The 
assocUted design wind frequency distribution is presented in Figure 2-27. This 
design wind frequency distribution was specified by the NASA for MOD-2 design. It 
represents a lypical wind environment for potential wind turbine sites. The 
frequency distribution is typical of a site with a mean wind speed of 14 mph at 
an elevation of 30 feet and was used for optimization of the wrs characteristics. 

The area under the curve is indicative of the time the WTS spends in different 
operation regimes. Approximately 59% of the time the WTS experiences winds 
between cut-in (14 mph) and rated (27.5 mph), while 18% of the time the wind 
speed is between rated and cut-out (45 mph). The remaining time (23%) the wind 
turbine experiences either winds too light or too strong for operation. Of this 
idle time, most occur due to low wind speeds. 

The annual energy, output of the MOD-2 WTS (based on the design wind frequency 
distribution) is obtained by integrating the energy frequency distribution 
between the cut-in ahd cut-out wind speeds. For the MOD-2 WTS, the total annual 
energy Is 9,753,000 kWh, including the 0.967 calculated system availability. The 
MOD-2 WTS derives 61% of its energy when operating between the cut-in and rated 
wind speeds, while 39% of the annual energy is derived when operating above rated 
wind speed. 
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Table 2-1 presents a summary weight breakdown. The rotor weight includes the 
teeter bearing and rotor cap structure tc the drive train Interface (lift weight 
at Installation). The combination of drive train and nacelle represents the lift, 
weight at Installation onto the tower. 


Table 2‘1. \Nelght Summary 


ELEMENT 

WEIGHT (L8) 

Rotor 

198,000 

Drive Train 

91,000 

Nacelle 

82,000 

Tower 

255,000 

Tjotal Above Foundation 

628,000 


2.5 COST 

2.5^ lOOTH Unit Production and Maintenance Costs 

Estimated 100th production unit costs for the MOD-2 WTS are summarized In Table 
2^2. The turnkey estimates Include all costs associated with the manufacture, 
assembly and installation of the WTS. The manufacturing costs are based upon a 
dedicated high rate production facility producing 20 units per month with 
Installation ^n farm sizes of 25 units. 


Table 2-Z 100th Production Unit Cotts fStOSOJ 


TURNKEY ACCOUNT COST 

($1,000). 

Site Preparation 

201 

Transportation 

37 

Erection 

163 

Rotor 

370 

Drive Train- 

477 

Nacelle 

262 

Tower 

344 

Initial Spares & Maint. Equip. 

19 

Non-recurring 

44 

Total Initial Cost 

i,rrr 

Fee 10% 

192 

Total Turnkey C 

2,109 

Annual Operations and Maintenance 

19 
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operations and maintenance (O&M) for the mature production 
units In a 25 unit farm are based on the reliability analysis of Mean Time Between 
Failure (MTBF) and the Mean Time To Repair (MTTR) calculations. These data as 

define the maintenance manloadlng requirements and’the 
spares and equipment requirements for annual O&M costs. 


The data In Section 2.6 substantiate the turnkey account of 
equipment and the annual O&M costs as tabulated below: 


spares and maintenance 


Unscheduled. Maintenance 
Scheduled Maintenance 
Administrative Tasks 


6,900 mhrs/year 
1,825 mhrs/year 
925 hrs/year 


TotaJ — 9,650 mhrs/year 


9,650 - 25 WTS X $25/hr. = $9,650/Yr./WTS 


OR 

2-2 person shift/day, 6 days per week = $10,000/Yr./WTS 
plus contingencies 

Parts and outside services * $8,750/Yr./WTS 

Total Annaul O&M = $18,750/Yr./WTS 
The Cost of Ener.gy (COE) Is then based on the contract defined formulation: 
COE = I.C. X FCR + AOM 

m — ^ — 


where I.C. » Total WTS Cost = $2,109,000 

FCR = Fixed Charge Rate = 18% per year 
AOM = Annual Operations and Maintenance Cost = $19,000 
AEP = Annual Energy Production » 9,753,000 kWh 
COE = 4.09 (^/kWh (1980$) 


( 
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2.5.2 Initial Production Costs 

Estimated Initial recurring production costs for the first three MOD-2 units are 
shown 1n_Iable 2-2A. - - 


Table 2-2A. MOD-2 Estimated Unit Cost Breakdown 


DOLLARS IN THOUSANDS 


HOURS 

DOLLARS - DIRECT LABOR 

FRINGE BENEFITS 
OVERHEAD _ 

TRAVEL 

ADMINISTRATIVE 
DELIVERABLE MATERIAI_ 
M&E INSTALL 
SITE PREPARATION 
TOWER ERECTION 
SITE I & CO 

ASSEMBLY & TEST SPARES. 
OTHER 

COST TOTAL 



UNIT 1 


UNIT. 2 


UNIT 3 


61,709 


55,540 


52,218 

$ 

843 

$ 

758 

$ 

712 


330 


297 


279 


442 


399 


375 


203 


183 


173 


545 


491 


462 


2,143 


2,078 


2,052 - 


375 


338 


316 


332 


298 


281 


87 


78 


73 


581 


523 . 


491 


77 






135 






6,093 

F 

5,443 

r 

5,214 


f 


2.6 SAFETY, RELIABILITY, AND MAINTAINABILITY 

Recognizing the importance of developing a safe and reliable system, considerable 
effort was expended to ensure that the MOD-2 design was inherently reliable and 
free of safety hazards to the public and maintenance personnel. Early in the 
preliminary design phase, a thorough Failure Mode and Effect Analysis (FMEA) 
covering more than 750 potential failure modes was initiated, resulting In 
numerous design changes to eliminate or reduce the consequences of hardware 
failures (see Section 2.7). Detailed reliability failure rate estimates were 
prepared down to the component level. Each component was assigned a failure rate 
based on past experience with similar components In the electrical utility and 
commercial aircraft Industries. Trade studies were conducted on individual major 
components to arrive at a balance between reliability and cost with the objective 
of achieving the lowest cost of electricity. Selective redundancy was applied 
where the need was indicated by the FMEA or initial reliability estimates. 
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(avatUbfHty). U was also 

restored to operational status Each comnnLnt^^ easily repaired and the system 
of accessibility, the need fS^’oreS^tatlSf™^ examined from the standpoint 
materials handling. Detailed estimaterorr^IlJ n^^ support and 

roquirements wore prepared and a n«intenance coIcepJ“eyel''op™I 

applicable 0SHA''*5u1rcmlJts^werrTOt°ore«ee^^^ performed to ensure that 

to the public such as alrcraffwarSTna te '"P?rporate safeguards 

rotor crack detection system. ^ “ *tection system and a 

the oyrnfoMl^MOD-Z^lMtfis^JreSd*^ Stlidn” “ <<ete on . 
2.6,1 Safety 

hazards were eliminated or rSd t . Z s“ob 

problems were 1dedS?ned £y ?eWeino ?Se 51^ 

pdtdntfarh«d?ds*TOrrTOted'add‘M??dctf« 
a!?d^afTi!?^d?idd ?h"e“S?^‘‘nd^dlt- J^^tl 

of rotor structural faiiuroc* k •* i^otor, (2) to tho public as a result 
entry into an operating system, or (ll'duHSr^^tdHa'nc™?'’''’ 

«?JecU,Vdc"udn"s'.“ ^"<1 Wo applicable 


2.6.2 Reliability 

glnd^a-rrj Kr„5l^Ja‘:e?co^%e%‘jrH^^ 
§osngn";o?:?!isr;jr/;n!diyih*^ r‘s « 

show that the .96 availability is a co^t analyses 

JsfSg'?;? LX w“ 4e“I\^r 

commercial applications. Table 2-4 summ3ri«r?.dr«LlfHii’La”ys?S!"‘' 
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Tabta 2^3, Safety Precautions 


ITEM 

r Pii f fCUQUUUnS 

CORRECTIVE ACTION | 

Obstruction to Aircraft 

Advisory Circular 
70/7460-IE, dtd. 11/1/76, “Obstruction 
Marking and Lighting" 

Hazards to Public 

— ■ .J 

• Rotor Failure 

• Safe Life Design 
•Structural Tests 


•Crack detection-System-Shuts Down WTS 

• Flying Ice 

•Ice Detection System-Shuts Down WTS 

• Unauthorized Entry 

•Steel Door, Locked, and Auto Shut Down 
in Case of Unauthorized Entry | 

Hazards During 
Maintenance 

• General Safety Design Features 1 

Safety and Health Act of 
1970 (Public Law 91-596) and appli- 
cable State Safety Regulations 

Human Engineering Design 
Criteria for Military Systems. Equip: 
ment and Facilities ^ ^ 


'EEE Recomn>ended 

Practice for Grounding of Industrial— 

and Commercial Power Systems I 

C2 American National Standard. 

National Electrical Safety Code, 1977 
tuition 


•Maintenance Personnel Safety Features 

•Capability to remove person on stretcher 

• ire detection and extinguishing system 

• Emergency exit doors and "Rescumatic" 

of'^nacelle^ es»"ess from either end 

•Ability to lock rotor in horizontal and 
vertical positions (lock on highspeed shaft) 

•Maintenance scenario and estimated 0 + M 
cost assume "buddy" system ” 


•Operations and maintenance manuals 
contain safety cautions 
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Tabb 2-4. Availability Analysis 


item 

Numlwr of 
system failures 

Moan time 
to repair 
(hours) 

Average annual outage hours 

Availability 

(Control number) 

per year 

Hrjurs/year 

% of total 

ROTOR 






Blades & hub 

.82 

68 

55.8 

22.0 

.9937 

Pitch control mechanism 

2,11 

11 

23.2 

9.1 

.9974 

Ice and crack detection 

.29 

17 

4.9 

1.9 

.9994 

DRIVE TRAIN 

Low speed shaft, bearings & electrical 






distribution 

.83 

69 

57.3 

22.5 

.9935 

Quill shaft & couplings 

.15 

48 

7.2 

2.8 

.9992 

Gearbox & gearbox sensors 

.48 

30 

14,5 

5.8 

.9983 

High Speed shaft, couplings, rotor 






brake 

.23 

11 

2.5 

1.0 

.9997 

Lubrication system 

Ii> 

— 

— 

- 

- 

Generator 

.09 

48 

4.4 

1.7 

.9995 

NACELLE 






Structure & wind indicators 

.50 

8 

4.0 

1.6 

.9995 

Yaw drive system 

1.40 

28 

39.8 

15.6 

.9965 

Electrical cables & slip rings 

.36 

9 

3.2 

1.3 

.9996 

Generator accessory unit 

.77 

7 

5.2 

2.0 

.9994 

TOWER 






Tower assembly 

.10 

8 

.8 

0.3 

.9999 

Electrical cables & equipment 

1.06 

7 

7.4 

2.9 

.9992 

Control subsystem 

3.0 

8 

24.0 

9.4 

.9973 

TOTALS 

12,19 

20.9 

254.2 

100 

.971 

50% of scheduled maintenance (from f 

laintenance An< 

ilysis) 

36 hours 


.967 


Includes application of 75% duty cycle where appropriate 

[D> Includes all causes of downtime (Administrative delays plus hands-on time) 

[£> Redundant system for gearbox. Sump system for low speed shaft and generator included 
in these subsystems. 
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Detailed maintenance analysis has been performed to Identify labor requirements, 
tools, and equipment. The demand frequency and repair time estimates for un- 
scheduled fault maintenance of a mature unit are summarized In Table 2-5, 

Maintenance tools and test equipment are discussed In Sect1oru5.5.2. Total cost 
for this equipment Is approximately $10,000 per wind turbine In a 25 unit farm. 

A spares analysis, was conducted to Identify the initial Inventory of. spares for 
the 25 unit farm. Each spare requirement was established based on criteria that 
the cost to carry, the spare(s) most be less than the penalty of lost electricity 
when waiting for the replacement part. This calculation. Includes the failure 
rate, reorder time, average power production rate, value of power, and the fixed 
charge rate on the initial Investment. This analysis derived the estimated cost 
of initial spares inventory at $5,000 per unit for a 25 unit farm. This low 
value Is based on a production scenario of 20 wind turbines per month where a 
central spares depot could support many farms of wind turbines. 


2j 6*3 Maintainability and Maintenance Concepts 

The design goal of .96 availability can only be achieved if the system 
is highly maintainable. All MOD-2 drawings have been reviewed by a maintain- 
ability specialist to ensure ease of access and to enable each component to be 
removed and replaced or repaired in place. The major features incorporated to 
support maintenance are shown in Figure 2-28. The key elements of the 
maintenance concept for the 25 unit farm are sunmarized below: 


0 Operations and Maintenance Manual defines scheduled and fault maintenance 
tasks. 

0 Training for dedicated maintenance personnel, 

0 Electrical /electronic and mechanical technicians. 

0 Two shift coverage, 2 man crews, six days per week. 

0 Additional support crews for major fault repair. 

0 Use of outside services ' r shop repairs, special tasks and heavy 
equipment rental. 

0 On-site maintenance equipment - portable tools and fixtures for materials 
handling. 

0 Utility depot spares availability - Electronics and small items in panel 
truck. 
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Table 2-5, Maintenance Analysis 



Number of 

unscheduled 

maintenance 

flepair/in 

(manhou 

spect time 
rs per year) 

j Total annual maintenance 
I manhours 


actions per 
year 

Scheduled 

Unscheduled 

Manhours 

% of total 

ROTOR 

Blades & hub 

.82 

28.0 

42.0 

70.0 

20.1 

Pitch control mechanical 

6.22 

4.2 

76.4 

79.6 

22.8 

Ice and crack detection 

.37 

0.5 

5.8 

6.3 

1.8 

DRIVE TRAIN 

Low speed shaft, bearings & electrical 
distribution 

1.46 

7.0 

36.4 

43.4 

12.4 , 

Quill shaft & couplings 

.15 

— 

4.8 

4.8 

L4 

Gearbox & gearbox sensors 

.6^ 

13.2 

18.7 

31.9 

9.2 

High speed shaft, couplings, rotor 
brake 

.31 

2.4 

3.0 

5.4 

1.5 

Lubrication system 

.40 

2.4 

3.4 

5.8 

1.7 

Generator 

.09 

- 

2.8 

2.8 

.8 

NACELLE 

Structure & wind indicators 

.70 

4.2 

9.8 

14.0 


Yaw drive system 

2.80 

6.2 

26.3 

32.5 

9.3 

Environmental control system 

.01 

.3 

.1 

.4 

.1 

Electrical cables & slip rings 

.36 

1.0 

2.4 

3.4 

1.0 

Generator accessory unit 

.77 


4.3 

4.3 

1.2 

Electrical facilities 

10.50^^ 

— 

3.1 

3.1 

.9 

TOWER 

Tower subassembly 

.11 

2.6* 

.7 

3.3 

1.0 

Electrical cables, lightning protection 
& equipment 

1.45 

1.0 

17.4 

18.4 

5.3 

Control subsystem 

3.2 

- 

19.2 

19.2 

5.5. 

TOTALS 

29.04 

73.0 

275J 

348.6 

400 


(18.54 excludir 
1 

g aircraftJwarni 
1 

ig lights) 




Includes application of 76% duty cycle where appropriate 
[£>• Primarily aircraft warning lights 

Excludes painting time which is accomplished at the same time that the rotor is painted 
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Drive train and teeter locks 
Personnel hamess/attacb. points ■ 

Roof access ladder < 


Warning placards 


Specially designed rotor 
maintenance device 


Ice detection system 


Tip removal provisions 


• Designed for failsafe operation 

• Buddy system used for maintenance 

• Periodic maintenance scheduled to 
ensure integrity of safety systems 



Monorail mounted ground-naoelle hoist 

Automatic fire suppression (HalonL: 

Stretcher evacuation 


Rescumatios 


Maintenance platform for 
yaw system 


Manlift and internal ladder 


Tower access door interlock 


Manual control and fault monitoring 
Itransportable to naceile) 


Figure' 2-28. Operations, Maintertance and Sa^ty Features 
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2.7 FAILURE MODE AND EFFECTS ANALYSIS 

The failure mode and effects analysis (FMEA) was initiated during preliminary 
design. The purpose of the FMEA is to identify all possible failure modes and to 
ensure that the resulting effects will not endanger personnel or cause damage to 
the wind turbine equipment. At the Detail Design Review., the documented FMEA was 
del iver.ec!_toHASA and subsequently released as reference 2. 

The component FMEA's were completed by the cognizant designers and reviewed by 
systems engineers and a rel-iability specialist. Failure rate data was 
incorporated. Thejnajor sources for the failure rate data v/ere: 

K Non-electronic Reliability Notebook, Rome Air Development Center, January 
1975, AD/A-0C5 657. 

2. Reliability of Electrical Equipment in Industrial Plants, JLLEG Survey. 

3. Component Removal Data - 727, 737, 747 Commercial Aircraft, compiled by 
The Boeing Company. 

4. Component Removal Data - 107 Helicopters. 

5. _ RADC Reliability Notebook. 

The "k" factors used to account for environmental differences were based on the 
following groundrules: 

1. - Rotor - equivalent to helicopter and "unmanned aircraft" environment. 

2. Nacelle equipment - equivalent to "manned aircraft" environment. 

3. Ground equipment - equivalent to "ground, stationary" environment. 


An example of a completed FMEA worksheet is shown in Figure 2-29. The failure 
severity codecs described in Table 2-6. 
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SUiSYSTgM 


FUNCTION OF COMPOnCNT 


MOO'2 Failure Mode and Effects AnaJyiit 


COMPONENT 






fmeano :^-3.1 .748 



i=AiLURg(ju)(^^^6^0R NO PRESSURE - PRODUCES LOW PRESSURE ALARM 


HTS SHUTDOWN 


1. LOW HYDRAULIC FLOW - REDUCES PITCH CHANGE RATES, MOMENTARY LOW 


PRESSURE ALARM - HTS SHUTDOWN 


i EXCESSIVE HYDRAULIC PRESSURE - OVERHEATS HYDRAULIC FLUID. ' WTS 


SHUTDOWN 


LEAKS - EXTERNAL 


APPUICAtie 
OPERATING MODES 


F.S.H 


F,6,H 


F.S.H 


G 


FAILURE FREQUENCV 


failure SEVERITY 



Failure 

COMPONENT 

MEAN time 

MODE 

FAILURE RATE 

BETWEEN failure 

FREO-S 

. 10 * PER HOUR 

tYEAPE) 

so 

38 

6.1 

20 

38 

15.2 

100 

17 

'hJ 


marginal 

It 



CRITICAL CATASTROPHIC 


Fai lure DETECTION METHODS 

4 30 38 


10.0 

HUTDQWN 


1 LOW PRESSURE ALARM . 


j LOW PRESSURE ALARM - HTS SHUTDOWN 


- LOW LEVEL ALARM- WTS-SHUTOOWN 


i. OVERHEAT ALARM - WTS SHUTDOWN 


DISCUSSION AND CORRECTIVE ACTION IIF APPLICABLEI 



0. W. KING 


OPEHATINO MODES 


OATE8/9/78 


Rev. 10/25/78 


A -SHUTDOWN 
■ . TRANSITION TO WARM-UP 
C - WARM-UP 


D TRaXSITION to ITANOtT 
C STANDBY 

P - TRANSITION TO OPERATE 


Q . OPERATE 

H ■ TRANSITION TO FEATHER 
I ■ FSATHER 


»-K41S2-OOt 


Figure 2-29. Example of FMEA \ffork^eet 
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This analysis of FMEA provided a disciplined method of developing the failsafe 
protective systems. Figure 2-30 depicts this approach. In general, redundant 
load paths for major structural components were not economically feasible, so a 
safelife design concept is employed. That is, a conservative spectrum of 30 years 
blade cyclic loading, with a conservative allowable flaw size was used to develop 
the fatigue stress allowables used to design for 30 year life. In addition, 
periodic Inspection is defined and a crack detection system as described in 
Section 2.2.1 provides warning of crack development and system shutdown prior to 
a crack growth to the critical failure length. The electrical/mechanical systems 
provide redundancy where appropriate and protective sensors to initiate a micro- 
processor controlled safe shutdown for operating parameters outside of a safe 
tolerance. Critical failure modes are identified which require a "fast" shutdown 
(i.e. high tip blade pitch rate using the emergency accumulators). Also, certain 
critical parameters trigger a backup failsafe control system which is independent 
of the microprocessor control system. The most critical parameter of rpm over- 
speed also triggers a third independent emergency shutdown system. Parameters 
critical to generator protection also provide for opening of the generator 
circuit breaker. The critical parameters and their safety shutdown systems are 
shown in Figure 2-22. 
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Tat/f 2-6. FMEA Safety and Failure Severity Categories 

Impact 


Hmrd Pmonml 

cM|oiy Funetlen Repair coit Thnatorapalr Inlurf 



Minor himt that can b* rapatiad with estnanlaim. - 

No low of tpMtantfnt eapabllitv. but npair muttba acoompllilMd wMibi 2 waaka 
to aroM ihiiitfown. - 

CamaaHnnlrtMidown. 

Oaatnie t loB of ma|or d ama n t auch at rotor or iiw boa. 




Ftgure 2’SO. Failsafe Protective System Develt^ment 
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In summary, the FMtA's identified nearly 1,U00 failure modes and corrective 
actions were implemented to preclude costly failures. Table ?-/ sunimariies the 

'I''! failure modes. Needless to say, the overspeed 

incident to WTS #1 brought about a comprehensive review of FMf.A and instigated 
several corrective system har^ ire and software changes. ^ 


Tab/e 2-7. FMEA Summary 



Ftllurt mod* 

Effect 

Fot*nl>d correclhr* action 


StiucturtI fillutM 




Rotor 




* Slid* Fttigu* eracki 

* Spir buckiing 

* Fitiflui crack «t control 

tip ipindl* end thread 

Lott of part of rotor and 
pottibla tacondarv danaga 
If allowed to progrett 

* Safe life datign 

* Fatigue taita 

* Inipaction ichadul* 


or at ttp-blidt Inter- 


* Fottible crack datactlon 


fac* 


tyitem 


* Inboard Joint-rotor to hub 


• Mld-Uad* attambfy buckling 


bo(t or flange weld 
filluta 


tait 


* Broken taatar trunnion or 

flange cracki 

• Buckling Inboard Mctlont 




or hub eomprtnlon ihbii 




Drir* 




o Broken low ipaad draft, 

o Broken quill draft 
bulkhead Joint 

Lott of load anrargency 
dtutdown effactad prior 
to reaching damaging over- 

* Safa life design 


qiaed (la* memo K-6266-SS- 
4fl7,DTD, ISOct, WSJ 




• leatar draft or flange 
eracki 

Pottibla rotor loti 

• Strain gage r;ofTal*Son 


Tower 


* Safa Ufa design 

-4 

* Fallur* of itmclur* 
or fourrdatlon 

Could Inltiata collapM 

* Safa Ufa • Jtign 


Control tvttanr failutai 



- 

• Slgrtal to on* tip hreor- 

ractfr drhrM control 
•urfao* to taro pitch 

* Control linkage to on* tip Jami 

Emargency dtutdown triggered 
by differential of tip poiition 
alptalt. Shutdown occurt prior 
to damaging overipead 

Nona required, analytit 
rarlfiat that one tip 
oparativa can Hfily Mop 
rotor (tat mtnto K-SISS- 
SS487, DTD tS Oct. WSJ 


• Control lyitam ilgnal to both 
pitch actuaton incorracthr 

Emtrpncy ihutdown triggated 
by generator output power 

None raquired 


drKr« control lurfacai to 

Motor. Shutdown oocun 


'y. 

tare pitch 

prior to damaging ovetqiaad 



• Fewer output Motor f#||t, 
Cdllng tor power IncreeM 
whan tvitem It alraady et 
full povrer output 

Damaging ovttipaad pottibla 
If load dropt olf prior to 
Initiating dtutdown 

Syttem changed to commind 
ihutdown prior to load 
dropping off. Alto, back- 



up power tensor ilpid tent to 


tbetrlc*l power fedum 


controlltr 

- 

* B|rndiror.:fer pnwMe* 
tlpral toclOMbutii* 
contactor too tootr or 

High current tranlent 
touting hi^ torque toed on 
die generator that could 

Syoehronlaer It fully 
redundant wtd faM safe 


too late IWT8 not proper 
phaw relftlonthlp or 

CMM mecheniod damage to 
ftntretorordrirepein 



ndtage to mat* with but! 



* Lqm of eommordit ponor 
wfijit WTt I* « r«Md 


Shutdown occurt prior to 
dwnnint ov t t^roid 


Non* raquirtd, M* m«ino 
K42SSSS487, DTD 
IS Oct. 1S7S 
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3.0 TESTING 

Development of the MOD-2 WTS has required considerable testing to establish 
design criteria, provide data for checkout and acceptance, and establish 
turbine performance. This testing is discussed in the following sections. 

3.1 DEVELOPMENTAL TESTS 

Development tests were conducted to verify static strength, fatigue and 
operational characteristics of components to meet a 30 year life requirement. 

The following sections describe the component tests, test results and 
their impact on component design for these tests not discussed fully in 
References 1 and 5. 

3.1.1 Crack Detection 

The crack detection system incorporated in the MOD-2 was designed to detect 

through^thickness cracks in. the rotor blade and shut the wind turbine system f 

down prior to catastrophic failure of the rotor. The system pumps warm dry 

air through the blade interior and dumps the air overboard at the inboard end 

through an orifice. The flow through each blade orifice is monitored, and the 

difference between blade flows is an indication of the existence of another 

exhausting orifice, which could indicate a through-crack. The determination 

of the minimum length crack which could be detected was estimated using design 

parameters, for flow through a given sharp-edge orifice. However, the flow 

through a crack-like orifice is at best difficult to predict, especially under 

the time varying state of stress in the structure. To minimize false alarms, 

the critical leakage rate should be reasonably high, yet low enough to provide 

a comfortable margin between detection and structural failure. Fracture 

toughness testing was required to prov.ide the data necessary for assessing the 

critical crack length for the MOD-2 blade material, for which toughness has 

been assumed as being 125 ksi in. 

3. 1.1.1 Operational Test 

A test was conducted to verify that the MOD-2 crack detection system possessed 
adequate sensitivity and stability to detect a given crack in one rotor blade 
as v«ll as to detect malfunction of the system. Two 12,500 gallon tanks were 
used to simulate the air volume of. the two rotor blades. Cracks in the blades 
were simulated by use of a manual valve and flowmeter on each blade simulator. 

The wind turbine crack detection system was located indoors and was connected 
to the blade simulator tanks located out of doors. 

During testing of the crack detection system, it was found that the blade 
orifice tubes had to be shortened in order to increase the air flow and thus 
increase the sensitivity of the system to air flow imbalance between blades. 

The system was able to detect malfunctions such as blower failure or air 
blockage. A 2 psi over-pressure relief valve was incorporated to prevent over 
pressuring the blades, and a check valve was added to the dehumidifier outlet. 

The ability of the system to deliver dry air to the blades was confirmed. A 
system calibration procedure was established. 
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3. 1.1, 2 Crack Mr Flow Test 
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A crack flow test program was carried out on pre-cracked specimens .25 inch 
and .50 inch thick. The objective of the program was to experimentally 
develop a means of determining air flow rate through a crack in a rotor blade 
under varying stress, pressure differential across the crack, and plate 
thickness for different crack lengths. Each specimen became the closeout 
panel of a rectangular flow chamber in which the pressure was varied by 
varying the inlet flow rate. Cracks of 9 inches and 12 inches were tested on 
the thicker panel, and cracks of 12, 18, and 24 Inches were tested on the 
thinner panel. The test panels were clamped to the edges of the flow chamber 
so that the application of end loads on the specimen would produce uniform 
stress across the uncracked portions of the specimen. Gross area stresses 
were varied up to 9 ksi and flow pressures (pressure differential across the 
crack) ranged up to 4 psi. 


The state of stress affected the crack opening and thus the mass flow through 
the crack. The results of the testing indicated that the mass flow_J;hrough a 
crack would follow the relationship: 

m = 2.7 X 10‘3(t)-.25( c}l .65(a)1.90( p).5 

where m = flow in (CFM) 
t = thickness (in) 
a = 1/2 total crack length (in) 
p = Pressure differential across thickening (psi) 

0 = stress (ksi ) 

3. 1.1. 3 Fracture Toughness Test 

The fracture toughness tests were conducted on two pre-cracked specimens 
fabricated from .25 inch and .50 inch thick ASTM-A572 grade 50 material to 
verify that the toughness was greater than 125 ksi in. as assumed. The width 
of each specimen was 60 inches while the pre-crack was 24 inches long. The 
specimens were sized to give "valid" data up to 125 ksi in. and conservative 
results above 125 ksi in. The criteria for "valid" data was: Da net 
section stress less than 80% of yield, 2) an initial crack length less than 
40% of the specimen width, and 3) a gross area stress less than 18 ksi (the 
maximum design stress in the rotor). To obtain valid plane strain fracture 
toughness data would require specimens better than 22 inches thick; these 
would not be representative of the MOD-2 structure. Each specimen was 
Instrumented with crack propagation gages on the same side of the specimen In 
a manner such that a stable crack growth of 4.8 inches could be monitored. 

The thicknesses selected for testing were representative of those used in 80 
percent of the rotor but less than the 1.0 inch employed out to Station 90. 
Experimental limitations precluded the testing of 1.00 inch plate. The 
material used was not desulphurized as the rotor material was and also had a 
higher minimum yield strength than the rotor material. The material 
substitution was necessary because the proper material was not available. 

Both the lack of desulphurizing and higher strength would tend to decrease the 
fracture toughness of the material. 
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During testing, the center portion of the specimen was enclosed in a styrofoam 
box which acted as a cryostat. Thus the test portions of the specimen was 
maintained at a temperature of -AO^F, the minimum operating temperature for 
the wind turbine. The test load was applied at a rate such that a stress 
intensity of 125 ksJ in. would be reached in 30 seconds. The .25 inch thick 
specimen failed at a net area stress- of 55 ksi, which was greater than the 
guaranteed yield strength of 50 ksi. The material toughness was well in 
excess of 225 ksi in. The .50 inch thick specimen failed at a net area 
stress of- 46.2 ksi and an apparent toughness of 188 ksi in. Neither specimen 
satisfied the criteria for "val.id" data because they both failed at too high a 
stress. It is apparent from the data that fracture toughness of the rotor 
structure is well in excess of 125 Jcsi in. 

3. 1,1. 3 Crack Detection System Evaluation 

The mass flow operation developed in the crack flx>w test and the fracture 
toughness results were used to evaluate, the ability of the xrack detection 
system to detect cracks prior to reaching critical, length. Figure 3-1 shows 
the relationship of crack flow, as a ratio of detectable, flow rate, to-Jthe 
number of hours a detectable crack becomes cri.tical. The relationship is for 
the blade station 360 which has the minimum time before a detactable crack 
becomes critical. 



Ffgur* 3-1. Crack Damtfan Syttam Capability tor Blada Station 360 
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Rotor Rib Field Joint 
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The MOU-2 rotor blade has a field assembly splice at blade radial station 360 
which attaches the blade mid-section to the hub through ribs that are welded 
to both skins and spars. The bolt attachment is symmetric about skin and 
spar. The joint Is highly stressed under fatigue- loading,. and a test program 
was conducted to validate the joint for MOD-2 design. The results of this 
test provided additional substantiation for the crack growth model discussed 
under material testing. 

TJie testing was carried out using an MTS (Material Testing System) test 
machine under the design fatigue spectrum of loads for the joint. The results 
shown in Figure 3-2 indicate good correlation was obtained between predictions 
and test results. The fatigue analytical model was validated and was used to 
design the- field joint. 


Load 



Test Data 

O ® 

• Fillet area stress (psi) 18,000 18,200 

•-Initial flaw length (in) 0.248 0.234 

• Predicted laligue life 1 7,000,000 1 7,000,000 

cycles cycles 

• Test specimen life 18,953.784 21,151,277 

cycles cycles 


Figure 3-2. Rotor Blade Field Joint Test 
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3.1.3 Rotor Spindle 

The spindle test program was performed to substantiate the structural 
Integrity of the rotor blade spindle and its supporting structure. The design 
requirement to rotate the blade tip section resulted in complex structural 
load paths surrounding a spindle bearing structure. A complex finite element 
stcass- analysis was performed to evaluate this structuce. 

The test program objectives were: 

(a) To validate the analytica.1 means for predicting the deflection and 
internal stresses of the spindle and supporting structure, 

(b) To define the areas of high, local stresses in the spindle and 
supporting structure, which occur during normal operating conditions 
of the wind turbine. 

(c) Validate the operation of the pitch control system 

The tests were performed by mounting the spindle section of the blades in_a 
cantilevered position, and applying combinations of flapwise and chordwise 
loads selected to produce one full life of fatigue damage on both, the upper 
and lower blade surfaces. The test specimen include all blade structure 
between spanwise stations 1140 and 1360. The pitch actuator and supporting 
hydraulics were also included. Specimen test loads were Imposed by a series 
of hydraulic actuators connected to the outboard end of the specimen through a 
rigid adapter fitting. A schematic of the test setup and the loads are shown 
in Figure 3-3. 



Figure 3-3. Schematic of Spiridle Fatigue Test Set-up 
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Strain, deflection -and applied loading data were recorded for all test 
conditions. The instrumentation consisted of 73 strain gages, I?, deflection 
transducers, 7 load cells, and one angular potentiometer. 

All test objectives were achieved. The 30 year design life was demonstrated 
and good correlation was obtained between predicted and measured stresses. 
The areas of high local stress were identified by analysis and confirmed by 
test (Figure 3-4). No additional high stress areas were detected, ano all 
margins of safety in the critical areas were equ.al to or greater than 
predicted. (Predicted values in () in Figure 3-4). 


Sta 1249 Sta 1209 Sta1144 



3.1.4 Pi tch Control Testing 

Pitch control system testing included the use of the spindle fatigue test 
specimen as a means to functionally test the hydraulic swivel in the blade-tip 
pitch control system. The swivel is that portion of the hydraulic supply that 
provides the connection between the fixed portion of the blade at station 1249 
and the tip actuator. The swivelling motion is from a tip position of -5® to 
+94 . The testing of the swivelling joint included simulated startup, 
operate, and shutdown blade-tip pitch action as well as dithering for extended 
period of time. During the spindle fatigue test, the control system was 
active and was used to pitch the tip section to operating or critical shutdown 
load positions (5® or +28®). It was also used to maintain a given pitch 
position of the tip during the imposition of the time varying test loads. The 
control system held the pitch position to + .1" under load application, 
thereby validating its design stiffness. 
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Check out proposed changes in the pitch control 
ffcJ S loop frequency response tests were performed on the 

hardware provided the proper pitch 
simulated tip rotary Inertia. The objectives of the 

tfgua?aStee fl hf ^frSouSSr'^ ftimUe control system parameters 

niArnJnc^” w! J ^ frequeocy response and demonstrate required stability 

arriJS^At control system changes were evaluated on a patch board^to 

arrive at an Improved control system. ^ 

control system had demonstrated -that frequency 
exhibit a gain of -30 dB to +9 dB at 1 hz and outer loop ^ 
stability requires a gain of at least -5dB at 180 degrees phase shift— The 

cvcflc®loIrt«rc^^? obtained from the Improved pitch control system of the 
^ specimen satisfied these-requirements. Hardware and software 

testing optimized during system Integration 
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Teeter Bearinc 


The rotor Is connected to the drive shafting through a teeter hinoe and Its 

r (t'>rust)®loadeTtearlna1! Tte 

wJfohi Jhah! and rotor dead 

whlS^+hl P axial bearings are basically to react rotor dead weight 

rotSr^thr^st°'' ^ "lately horizontal, as well as lateral components of 

3. 1.5.1 Qualification Testing 

IhP was subjected to qualification tests by 

the^manufacturer In order to assure bond quality and to obtain performance ^ 

The soundne« of the bonds between rubber and steel shims as well as between 
rubber and hub structure was verified by rotating the Inner hub +15“ relative 

P® a^Qular motion was 23_t1mes the expected 
operation I ±6 l/2“). The torsional 

JllniJ!! ^ the teeter bearing was ascertained at -40“F as well as at room 
b«flng‘lSnign compliance with 

3. 1.5. 2 Fatigue Testing 

had been designed with methodology developed for much 
smaller bearings upd in the helicopter Industry, and those used In the oil 

ot low stress low motion design. Because of 
llrf +L+ ti experience on bearings or the MOD-2 size, as well as the 

la ^de?lLP?hAl^! requirement was well beyond even helicopter experience, it 

fatigue test was required. In addition, this test provided 
raintenance and Inspection procedures. Spectrum testing for the 200 
X 106 cycle equivalent of the 30 year design life Sould be out of the 
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operating rotational frequency is 17.5 cpm. A review of 
teeter angle spectrum indicated that, bearing 
testing with applied loads of rated drive torque loads in combination with a 
time weight load, as well as a rotation to maximum teeter angle 

{ 16.5 to the teeter stops) applied for 2 x 106 cycles would expose the 
bear ng to an equivalent 30 year life. The test baring wSs iSLnted with 
strain gages, thermocouples, load and displacment transducers. 

Throughout the test, the radial spring rate did not vary at all. and the 

rate had reduced 1% by the end of the test, well below the 

thP supplier. Stabilized temperatures in 

the rubber were approximately 150*F without fan cooling, and 135“F with 

operating temperatures will be well below the no-fan cooling 
9n operating teeter angles are of the order of ± 2 to 
^ I continuous oscillation sustained during the bearing 

fatigue test. Testing was terminated at 1.8 * 106 cycles due to cost and ^ 
scuedu e contratnts. There was no Indication of prSMems which wSSld 

Significantly alter the test results if the_remaining 0.2 * 106 cycles were 
n • 


3.1.6 Gearbox, Back-to-Back Test 
3. 1.6.1 -Fatigue Testing 

selected for the MOD-2 utilized an existing design 
concept but iU torgue transmitting capability was Improved by 200% and its 
new design life was 30 years. Because the capabilities extension was beyond 

® qualification test was deemed necessary to 
verify predi cteiL performance parameters. ^ 

The selected test method was a back-to-back test in which two complete 

liibrication systems would be connected in order to impose 
the high input torques of the operating wind turbine. The high speed output 

wi'th a torsion bar, while the torque reactions were 

flanges, as both low speed shaft flanges were tied 
c?« ^ torsion bar preload was varied throughout the test to provide 

simulated drive line power variations in operation. A drive motor was 
connected to the output shaft of one of the gearboxes, providing the 

rotational speed control. The gears of one of the boxes were strain gaged to 

monitor the tooth stresses throughout the program. 

°l'^®P®'^3ting conditions was simulated in the test program during 
which it was determined that gear tooth bending stresses were well below AGMA 
predictions. Slight modifications to the first stage helical gears' lead 

correction angle had to be made. It should be noted that had a full load test 

not been conducted, such a deficiency would have gone unnoticed. Direct 

of gear train efficiency, gearbox breakaway torque, noise levels 
and vibration characteristics were made throughout the test. 

As a result of the back-to-back test program, the fatigue rating of the 
gearbox was substantiated up to 155% of design rated torque. 
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3. 1,6. 2 Vibration Survey 

system ran smoothly up to 1800 rom wlthVl!^^ output rpm was experienced. The 
torque. It was determined that tL earbox 

frequency was resonant with the tect^!trn3’^w, planet passage 

low torque levels the e 4 - ^t stand yaw-lateral natural freouencv At 

mo.e of? the? otat%‘ oS 9earbo?^ ??'1ree to 

frequency. ® unbalance at the planet passage 

Analysl^of S^gearborL^lJltS?lld'^1n the^SoD^I'^n^^^n 
frequencies well in excess of 2600 roil ^The^Sfnl predicted natural 

at planet passage frequency was exoSed vibration problem 

integration testing of the Installed gej^bol subsequently confirmed In 

Modal Survey 

Important pari^of^the^deslgn and'^test^^^^^"*^ components Is an 

effective way to ensure that th^ ifnd process. The modal survey Is an 
expectations. After eval5aLTaUe?natiWe"LsHn^^J^^^ performance 
concluded that the MOD-2 modal ^surJevwm.iH J 5 techniques, U was 
nacelle Installed on the tower in tho n ^ ^ conducted with the rotor and 
advantagos were that the sJnem mote? c»"fl9uratton. The 

fhcludlog all coopltng mechaoisms llch ter?hl?d ”“100??.."*“'“?“ “'"«'>'• 

S??te*?(liSn^^??f?he“te?‘5?ed"f?l'?Se''™da“r I"” 

technique Involved Imoactinn tho, ^ 5 analysis of MOD-0). The test 

1.000 ?b. Instrument's ^nd'?ecJ?diJ^ ^ prescribed point 2fth f 

The overall technique Is based on the uL of fixed accelerometers. 

Fourier Transform (FFT) to obtain transfer processing and the Fast 

least-squared error estimator to iHonlff ^ functions data and then use of a 
function data. ®s^’"'«or to identify modal properties from the transfer 

ftf5te3l'\?o“l?:ll-Zl'’frrth”' «Hh a force trahsdocer In 

constrained tS foil?? Itetll'fcrolg^Tlen^TSfX'larg*?? SfJc”" 

by varying the stiffness of the rJm before the modal survey 

pads) and varying the swing length to (interchangeable foam rubber 

ms duration. ^ approximately 1,000 lb. with 200 

Tabir^l.^^ThrSatra^e^^^d??^^ outSilrof^he^r^saJiR^J^^^ 

systems with the exception of chordwi?rbeLfJn Fourier analyze 

torsion modes which w?re°teterl??eTl;%u^X?«a"rteIfy?ls? 
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The data gathered during the MOU-2 modal survey tests verified the achievement 
of required system design frequencies. In particular, the drive train, tower 
and blade modes were Identified and shown to meet system frequency placement 
and separation requirements. The measured damping provid<»d assurance that 
design damping assumptions were reasonable. 


Table 3* 7. Mode! Survey Results 


MODE 

FREQUENCY 
(Per revolution) 

DAMPING (%) 
MEAS. 


PRED.„ 

MEAS. 

Teeter 

0.14 

- — 


Drive Train Torsion 

0.46 

0.45 


Tower Bending Fore/Aft 

1.24 

1.23 

1.0 

Tower Bending Lateral 

1.27 

1.28 

4.2 

Flap Bending Sym. 

3.09 

3.30 

0.35 

Chord Bending Sym. 

6.22 

6.17 


Flap Bending Anti sym. 

6.45 

6.55 

1.04 

Flap Bending 2nd Sym. 

7.71 

9.6 

0.78 

Nacelle Pitch 


8.23 



Measured with test box beam fixtures on tips 
(?:>- Supplemental data 
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3.2 INTEGRATION TESTS 

Integration testing Is that system and subsystem level testing conducted on 
each wind turbine system prior to Initial operation under wind power. Figure 
3,5 shows a test flow diagram for the -100 Integration Tests on units #1, #2 
and #3, 


3.2.1 Integration Test at Pocatello Unit #1 

For. unit #1, a series of tests were performed on the assembled nacelle while 
Installed on a test stub tower- section and with a rotor simulator. This testing 
was conducted In July and August of 1980 at the facilities of the M4E 
contractor Bucyrus Erie, In Pocatello, Idaho. 

3. 2. 1.1 Electrical Continuity (-101) 

This test performed a power-off. point- to-ppijit continuity check of operational 
wiring In the nacelle and the test set up at Pocatello. 

3. 2. 1.2 EIS/MDS/WTS Interface (-102) 

This test performed a checkout of the Engineering Instrumentation System (EIS) 
on the nacelle and to the Mobile Data System (MDS) van. It included continuity 
checks as well as power on, tests. 

3. 2. 1.3 NCU Stand Alone (-103) 

This test performed a verification that the NCU was assembled properly and 
ready for integration with the nacelle. A separate 48 vdc power supply was 
used and the Interface with the sensors was slmulatedJjy the Field Test Unit 
(FTU). 

3. 2. 1.4 Nacelle Integration Test (-104) 

The general objective of these tests was to gain experience, with and verify 
functlona-1 operation of,, as much of the WTS equipment as possible before 
shipment to the field site. 

The test was divided Into 8 sub tests. 

-1 Gearbox Lube System checkout— 

-2 Control System checkout 
-3 Drive train checkout 
-4 Crack Detection System checkout 
-5 Rotor Simulator and Pitch Sy.stem checkout 
-6 Yaw System checkout 

-7 System Test and 72/12 Hour Drive Train test 
-8 Fire Control System checkout 
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A summary of the rosuUs are as follows: 

-1 Gearbox Lube System Checkout 

Manual operation of the lube system from the A200 panel was performed 
satisfactorily. The test identified a problem with the dehumidifier motor 
bearings; a design change has corrected this. Checks of the oil reservoir 
heater operation revealed the need for a protective cover over each 
heater control unit; a design change incorporated a cover. Checks of the 
circulating pump and each lube pump were satisfactory; the pump relief 
valve required adjustment to provide maximum system pressure. 

Adjustment of the lube oil temperature regulator was performed subsequent 
to the 72 hour drive train test. Normal operation of the built-in 
instrumentation and the active engineering instrumentation was verified. 
Several oil leaks in the lube oil. module were found and corrected; these 
were associated with improper assembly. 

-2 Control System Checkout 

Checks of the RPM sensors were made and showed several problems; they 
included chain. misalignment, wrong sprocket size, and failsafe system 
triggered NCU immediately on motion. Changes were initiated and temporary 
fixes incorporated to allow the test to proceed. Calibration of the blade 
position potentiometers (mounted on the rotor simulator) revealed servo 
valve biases, incorrect servo valve output scaling and grounding and wiring 
problems. These were subsequently corrected. Checks of the wind sensors and 
the vibration sensor were satisfactory though a modification the vibration 
sensor circuit was identified. 

-3 Drive Train Checkout 

The generator was direct coupled to a DC controlled motor and driven over 
the range 300-1980 rpm. A GAU phase C potential transformer fuse was found 
blown during initial checks, however when this was replaced, verification 
of phase rotation and voltage regulator settings were accomplished. Checks 
of the active engineering instrumentation system were satisfactory. 
Generator vibration levels were within specification and no nacelle modes 
were identified that would compromise generator performance or reduce life. 

The gearbox and low speed shaft were also driven over the range 300-1980 
rpm using a DC controlled motor coupled to the aft end of the gearbox. 
Checks of the active engineering instrumentation and the gearbox lube 
system during rotation were made. Vibration levels were satisfactory at the 
gearbox and low speed shaft bearings; no unacceptable resonances were 
identified and functional operation of the gearbox and low speed shaft 
appeared satisfactory. A substantial oil leak from the rear seal of the 
gearbox was identified and action Initiated to provide a revised seal that 
corrected the leak. 
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-4 Crack Detection System Checkout 


Checks Included, normal flow, high flow and low flow for each blade, All 
tests were satisfactory with LSS stationary and with rotating at 17.5 rpm. 

-5 Rotor Simulator and Pitch System Checkout 

Checks completed satisfactorily included NCU command of pitch position, 
teeter brake release at 7.8 rpm, startup times under different wind speeds, 
response to rate commands, pitch pump pressure capability, emergency 
shutdown commands, 1 hz response characteristics under rate command, and 
operation of. active engineering Instrumentation. Performance that was not 
verified Included blade tracking during rate commands and emergency 
feathering, and startup pitch schedule. Workarounds were used to allow 
testing to proceed and changes In the system configuration were initiated. 

Deferred tests were planned for conduct In the field prior to erection of 
the nacelle.- Data from this test resulted In new serv.o valves and counter- 
balance valves being used In the rotor manifold and changes In the NCU 
software to improve closed loop operation. 1 

-6 Yaw_System Checkout 

All manual controls from the HPU were verified. The yaw rate was adjusted, 
however a non -smooth rotation was attributed to the flow control valves 
being too large. Smaller valves were installed and operation was 
satisfactory. Yaw brake operation functioned correctly however the system 
pressure drop caused an NCU trip. Software modifications were incorporated 
to correct this fault as well as a similar problem with the rotor brake 
operation. Yaw drag brake operation was verified. The yaw system operation 
was verified for yaw errors of less than 7®, 7“ to 20“ and greater than 
20“ . Rotor brake operation was satisfactory, however a frequent charging 
cycle to keep the brake disengaged was found to be due to a design problem; 
a subsequent design change corrected the problem. 

-7 System Test and 72/12 Hour Drive Train Test 

Verification of automatic mode features of the control system were 
completed using a field test unit for certain simulated Inputs. These 
Included an automatic startup, demonstrating wind Inputs, yawing, pitch and 
lube system pump operation, breakaway, rotor brake release, operate mode, 
field and sync enable and bus tie contactor closing signals. This test 
showed that blade angles changed properly as a function of power output and 
that the system shuts down for low power. Startups In low and medium winds 
were verified; startup In high wind conditions was not possible due to a 
servo valve bias problem. Automatic shutdowns were demonstrated for 
excessive blade angles, loss of utility Intertie, loss of one blade tip, 
excessive power output fluctuation and overspeed. Automatic startups with 
live wind was demonstrated. More than 67 hours of operating time was 
completed on the rotating system Including more than 12 hours of continuous 
operation. One objective not met was verification of a normal shutdown (due 
to pitch hydraulic problems, see -5 test); this test was deferred to the 
field. 
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-8 Fire Control Checkout 


This test verified operation of two smoke detectors, audible alarm, zone- 
alarm light, automatic shutdown of the NCU and exhaust fans, and energizing 
of Hal on bottle. All tests were satisfactory. 

3.2.2 Integration Tests at Goldendale Units #1, #2, and #3 

A. series of integration tests were conducted on each unit at the test site 
at Goldendale prior to wind powered rotation (see Figure 3-5). 

3. 2. 2.1 Electrical Continuity (-101) 

This test performed a power-off point-to-point continuity check of operational 
wiring In the nacelle, rotor, tower and base facility. For unit #1 nacelle, 
this test only examined that wiring which was new or had been disturbed since 
the integration testing at Pocatello. 

3. 2. 2. 3 NCU Stand Alone (-103) 

This test performed verification that the NCU was assembled properly and 
ready for Integration with the nacelle. The test was performed with an 
Independent 48V power supply and used the FTU and breakout box. This test was 
a repeat of a test performed in Pocatello, with revised software as a result of 
the experience gained In Pocatello. All hardware performed satisfactorily. 

3. 2. 2. 4 Rotor Stand Alone (-107) 

This test performed a functional check of the fully assembled rotor hydraulics 
using a test hydraulic cart and a servo valve test control box. The ice 
detectors were tested for allveness and the rotor was pressurized to verify Its . 
leakage rate compatibility with the crack detection system. The blade tip 
position potentiometers were adjusted with the tips in the faired position. 

The hydraulic checks and ice detection tests were performed successfully. The 
crack detection tests identified numerous leaks that were patched 
successfully. 

3. 2. 2. 5 Rotor/Nacelle Integration (-105) 

This test was conducted with the nacelle and rotor Installed on top of the 
tower. It verified that leakage rates of each blade were within toUrance and 
set the comparator pressure switches on the crack detect system. It confirmed 
that the Ice detector circuit was alive. It set the pitch system servo loop 
gain and bias, and performed a frequency response test on each blade. A manual 
pitch test was run In position; rate modes, emergency feathering and teeter 
brake operation was checked. A manual rotate test (to 8 rpm) was run. This test 
also performed a demonstration of the yaw system Including starting, running 
and stopping. 

3. 2. 2. 6 Modal Survey (-106) 

For unit #1 only, a modal survey was conducted on the completed unit at Golden- 
dale. This measured modal frequencies, damping and mode shapes as discussed In 
Section 3.1.7. 
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3.3 CHECKOUT TESTS 


Checkout testing Is that system testing conducted on each UTS to show 1t 
functions correctly and Is ready for acceptance testing. Figure 3-5 shows a 
test flow diagram for the -200 checkout tests. - 

All checkout tests were conducted at Goldendale with the wind turbine fully 
assembled. These tests Include a prerotatlonal confidence test, a wind 
powered operation test and a system checkout test. 

3.3.1 Prerotatlonal Confidence Test (-201) 

Prior to wind powered operation, a series of checks were made to assure manual 
control functions and failsafe protection were performing Nproperly. The tests 
selected to give the most confidence In system integrity were, emergency 
feather operation, rotor brake/yaw brake operation, test van not- ready control, 
gearbox over temperature response, overspeed response and excess vibration 
response. Some of these tests required special, conf 1 guratijoa of the system to 
allow the test to be conducted since the system has automatic safeguards that 
would prevent test conduct. All tests passed successfully except vibration 
response; this problem was attributed to a bad circuit In the NCU. Since the 
EIS also monitored the vibration levels, this did not hold up the test. 

3.3.2 Wind Power Rotation Test (-202) 

This test was divided into three phases; 8 rpm manual control check; 17.5 rpm 
automatic control without synchronization and 17.5 rpm automatic control with 
synchronization at below and above rated power. 

The 8 rpm test covered startups, yaw direction error, rotor brake operation, 
teeter brake operation, sustained rotation of 8 rpm, disc plane adjustment and 
teeter activity. The 17.5 rpm test, offline covered startup through the tower 
resonance range, speed control at 17.5 rpm, voltage phase rotation and 
f.re-quency checks and bus tie contactor operation. The 17.5 rpm on-line test 
Included synchronization and connection to the bus, sustained operation at 
below and above rated winds, transition from one fixed blade angle to the other 
and dynamic operation at full rated power. 

3.3.3 System Checkout Test (-203J UTS #1 

The general objective of this test was to verify the requirement of paragraph 

3.4.4 of the System Test Plan. These requirements Identified 13 test packages 
containing 40 Items for verification by either test or demonstration (see Table 
3-2). 


3.3.4 System checkout Test (-204) UTS #2 and #3 

System checkout for VfTS #2 and #3 was based on the -203 system checkout 
performed on UTS #1 but greatly reduced requirements. 
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Table 3^2. System VerificationJiequhements (Sheet 1) 


SYS 

rCH SPECIFICATION REQUIREMENT REFERENCE 

1 VERIFICATION 
1 METHOD* 

liiwiia 

paragraph 

NUMBER 

TITLE 

1 

n 

B 

E 

II 

SUB 

SYSTEM 

SYSTEM 

3.0 

REQUIREMENTS 

1 

1 

1 

1 

1 



3.1 

SYSTEM DEFINITION 

X 







3.1.1 

General Description 

X 







3.1.2 

Purpose 








3.1.3 

Deployment 







X 

3.1.4 

System Drawings 







X 

3.1.5 

Interface Definition 







X 

3.1.5. 1 

Electrical Power Interface - 








3. 1.5.2 

Coimunlcattons and Control System Interface 







A 

3. 1.5.3 

Utility Personnel. Interface 








3.1.6 

Customer Furnished Property 

X 







3. 1.6.1 

Site 








3. 1.6. 1,1 

Site Size 







X 

3.1.6, 1.2 

Site Access Road 








3. 1.6. 1.3 

Site Approvals 








3. 1.6.2 

Conmunlcatlons 








3.1. 6. 3 

Power Transmission line 







X 

3. 1.6.4 

Electrical Power 







X 

3. 1.6. 5 

Color and Markings 


*1 





X 

X 

3.1. 6. 6 

Mobile Data Acquisition System 


X 






3. 1.6.8 

Utility Substation Space 


X 






3.1.7 

Operational Modes 








3. 1.7.1 

Automatic Modes 








3.1. 7. 2 

Manual Modes 





X 



3.2 

CHARACTERISTICS 

X 







3.2.1 

System Performance and Design Requirements 

X 







3.2,1. 1 

System Power Output 



X 


X 


X 

3.2. 1.2 

Hind Speed Design Values 



X 





3. 2. 1.3 

Service Life 








3.2.2 

Subsystem Performance and Design Requirements 

X 







3. 2.2.1 

Control Subsystem 








3.2.2, 1.1 

Yaw Orientation Control 








3.2.2. 1.2 

Pitch Orientation Control 

X 







3. 2, 2, 1.2.1 

Rotor Pitch Control 








3.2.2. 1,2.2 

Rotor Pitch Offset 








3. 2. 2. 1,3 

Teeter Brake Control 








3,2.2. 1.4 

Rotor Brake Control 








3.2.2. 1.5 

Rotor Parking Position Control 



. 

X 



X 


1. Iiupti,*1on 2. Analysis 3. Oanonstratton 4 . Test 


SECTION 4 
VERIFICATION 
REFERENCE 


3-17 








ORiuiNAt i;; 

OF POOR QUA'H V 


Table 3-2. System Verification Requirements (Sheet 2} 


1 , SYSTEM SPECIflCATIOH REQUIREMENT REFERENCE' 

VERIFICATION 

METHOD* 

VERIFICATION 

LEVEL 

SECTION 4 

PARAGRAPH 

NUMBER 

TITLE 


3 4 

SUB 

SYSTEM 

SYSTEM 

REFERENCE 

3.2.M.6 

Electrical Power Output Control 


X 

X 

X 


3.2. 2. 1.7 

Emergency Chutdown 


X 


X 


3. 2. 2. 1.8 

Operational inttrumentatinn 

X 


X 

X 


3. 2. 2. 1.9 

Control Terminals 

X 


X 



3,2.2.1.10 

Control Subsystem Maintenance REquIrements . 

X 





3.2.2.1.11 • 

Lighning Protection 

X 





3. 2. 2. 2 

Rotor Subsystem 

X X 

X 

X 

X 


3. 2. 2. 2.1 

Hub 

X X 


X 

X 


3. 2. 2. 2. 2 

Blades 

X X 


X 

X 


3. 2, 2. 2. 3 

Pitch Control Mechanism 


X 


X 


3. 2. 2. 2. 3.1 

Pitch Change Rate 


X 

X 



3, 2. 2. 2.3. 2 

Blade Feathering 


X 


X 


3. 2. 2, 2. 4 

Teeter Brake 


X 


X 


3. 2.2, 2. 6 

lightning Protection 

X 





3. 2, 2. 2, 7 

Ice Detection 

X 

X 




3. 2. 2. 2. 8 

Crack Detection 

) 

X 




3. 2. 2. 2. 9 

Rotor Maintenance 

) 

( X 




3.2.2. 3 

Drive Subsystem 

X 

X 

X 

X 


3. 2. 2. 3.1 

Low Speed Shaft and Bearings 

X 

( 

X 

X 


3. 2. 2.3. 2 

Quill Shaft and Couplings 

X 

X 

X 

X 


3. 2.2. 3. 3 

Gearbox 

X 

X 

X 



3. 2. 2. 3. 4 

High Speed Shaft and Couplings 

X * 

X 


X 


3. 2. 2. 3. 5 

Rotor Brake 

X > 


X 

X 


3. 2. 2, 3. 6 

Lubrication System 

X > 

X 

X 

X 


3. 2. 2. 3. 7 

Lightning Protection 

) 

L 




3.2. 2. 3.8.1 

Low Speed Shaft 

X ) 

c 




3. 2. 2. 3. 8. 2 

Gearbox 

X 

r 




3.2. 2. 4 

Nacelle Subsystem . 

X 

C X 

X 

X 


3. 2.2. 4.1 

Nacelle Structure 

X 

K X 

X 

X 


3. 2. 2. 4. 2 

Yaw Drive System 

X 

X X 

X 

X 


3. 2. 2. 4. 3 

Environmental Control Equipment 

X 

X 

X 



3. 2,2. 4. 4 

Nacelle Personnel and Maintenance 

X 

X 

X 

X 


3. 2.2. 4. 5 

Lightning Protection 


X 


X 


3.2.2.S 

Tower Subsystem 

X 


X 



3.2. 2. 5.1 

Tower Structure 

X 

X 

X 

X 


3.2. 2. 6. 2 

Lightning Protection 


X 




3. 2,2. 5. 3 

Nacelle Access Device 


X X 


X 


3. 2. 2.5.4 

Tower Electrical Outlets 

X 






*VERtfICAT10N HETHOOS! 1 . Inspei-.lon 2. Ana1y»<» 3. Defflonitratlon A. Test 
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Tariff 3’2. System Verification Requirements (Sheet 3} 


PARAGRAPH 

NUNOER 


3. 2.2.5. 5 
3. 2. 2. 6 

3.2. 2. 5.1 

3. 2. 2. 5.2 

3. 2. 2.5.3 

3. 2. 2.5. 4 



3.2.3 

3.2.4 
3.2.4. 1 


3. 2^. 2. 5.1 
3 . 2 . 

3 . 2 . 

3.2. 4. 2.5.4 

3. 2. 4. 2. 5. 5 

3.2.5 

3.2.6 

3.2.6. 1 

3.2. 6. 1.1 

3.2. 5. 1.2 

3. 2. 5.1. 3 

3. 2. 6. 2 

3.2. 6.3 

3.2. 6. 3.1 

3.2. 6.3.2 

3. 2. 6.4 

3. 2. 6.5 


SYSTEM SPECIFICATION REQUIREMENT REFERENCE 


Tower Interior L1ght1n9 

Electrical Power Subsystem 

Functions 

Equipment 

Instrumentation 

Accessory Power 

Coanuhlcatlons - Nacelle to Tower Base 

Engineering Instrumentation 

Obstruction Harking and Lighting 

Site Security Subsystem 

Reliability 

Hal nta Inability 

Quantitative Requirements 

Qualitative Requirements 

Access 

Handling 

Test Equipment 

Skin Levels 

Special Maintenance Features 
Rotor Lock Mechanisms 
Rotor Access Device 
Rotor Teeter Position and Lock 
Major Component Removals 
Nacelle Monorails 
Availability 
Envlrorasental Conditions 

Wind Environment 

Hind Gradient 
Wind Speed Duration 
Gust Design Criteria 
Other Environmental Conditions 
Lightning Protection Requirements 
Lightning Environment 
Lightning Design Requirements 
Altitude Temperature Environment 
Altitude Mass Density 


VERIFICATION 

METHOD* 


*VERIFICATIOH METHODS; 1 . InspeeJoh 2. Analysis 3. Demonstration 4. Test 
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Table 3-2. System Verification Requirements (Sheet 4) 


SYSTEM SPECtFICATIOtl REQUIREMENT REFERENCE 


PARAORAPII 

number 

TITLE 

3.3.6 

Human Engineering 

3.3.7 

Finishes 

3.4 

Docuflientatlon 

3.5 

Logistics 

3,5.1 

Maintenance 

3.5. 1,1 

Spares Requirements 

3,5.2 

Facilities and Facility Equipment 

3.6 

Personnel and Training 

3.6.1 

Personnel Requirements 

3.6.2 

Training 

3.7 

Procedence 

3. 2. 4.2^. 6 

Rotor Tip Manual Positioning 

3. 2, 4, 2. 5.7 

Gearbox Maintenance 

3. 2.4. 2. 5.8 

Rotor Positioning 

3. 2. 4. 2. 5. 9 

Tip Blade Removal 

3.2.4.2.5.10 

Holst System from Ground to Nacelle 

3.2.7 

Transportability 

3.2.7. 1 

Weight and Dimensional constraints 

3. 2. 7. 2 

Qualitative Handling & Transport Requirements 

3.2.8 

Installation and Checkout 

3.2. 8.1 

Site Preparation 

3. 2. 8.2 

Towr Foundation 

3. 2. 8. 3 

On-Site Assembly 

3.2. 8. 4 

Tower Erection 

3.2.8. 5 

Subsystem Installation 

3. 2. 8.6 

System Checkout 

3.2.8. 7 

Licenses and Permits 

3.3 

Design and Construction 

3.3.1 

Materials, Processes and Parts 

3.3.2 

Nameplates and Product Marking 

3.3.3 

Workmanship 

3.3.4 

Interchangeability 

3.3.5 

Fail Safe Operation antipersonnel Safety 

3.3. 5.1 

Pall Safe Operation 

3. 3. 5, 2 

Personnel Safety 



*VEK<F1CATI0H METHODS; 1. Inipet. Ion 2. Analysis 3. Oenonstratlon A, Test 
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3,4 ACCEPTANCE TESTS (-300) 

A series of tests wore conducted on each wind turbine as required by para- 
graph Z. 6. 3 of the contract Statement of Work. The results of. these tests 
provided the basis for customer acceptance of the completed system. Figure 
3-6 shows the documentation used. ^ 


For WTo #1, the requirements for these tests originated from the System Test 

conditions. For WTS #2 and #3. and 
f ^5 V-i 'requirements were consolidated Into 52 test conditions, 
laoies j-3 and 3-4 summarize the acceptance requirements and show the 
conditions completed. 



Released 

Document 

Files 


Quality 

Assurance 

Record 

Files 


Figure 3-6. Acceptance Test Documentation 
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Tad/e 3-3. WTS No, 1 Acceptance Tests 


Requiramenu [J> 

No. of samples/conditlons 


planned 

completed 

Startup mode 

Low ipaed itart up 
High speed start up 
MM speed start up 
Any start up 

8 

3 

5 

8 

8 

3 

6 

8 

Shutdown mode 



Shutdown on decreasing wind 
Shutdown on increasing wind 
High speed shutdown 
Low speed shutdown 
MM speed shutdown _ 

Any shutdown 

3 

3 

3 

3 

6 

7 

3 

6 

7. 

Emergancy shutdowns 

6 

6 

Standby mode (perked) 



Winds 36-46 mph 
Windt>6R mph 

18 

4 

IS-. 
0 p 

Operate mode 


Winds 14-27 mph 
Winds 27-33 mph 
Winds 33-46 mph 
Any wind speed 

12 

12 

12 

12 

12 

12 

12 

12 

Remote operation 



24 hr test (controilad from 
Dittmer) 

1 

1 

Power venut wind speed plot 

1 

1 

100 hrt operation 

1 

1 

Operational modeMemonttration 

4 

4 

Operations handbook demonstration - 

6 

6 

Total— 

i. 

137 

130 


^ P*r D277-10122-1 (MOD-2 Syt»m titt plan) at ipprond <n tach dlraetiva tile. 21 2/4/80 
^ Raqulrad wind conditktnidM not occur. 
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Table 3-4, WTS Numbers 2, 3 end Rebuilt Number 1 Acceptance Tests 

RtquinmMti [x!^ 



No. of Minpin/oondttlom 
complttod 


StMi'Up oondiiiom 


WTSNo.3 


WTSNo.t IRatHilltl 


Low ipwd (14-20 mph) 
MM ipMil (20-38 mph) 
HItpMd (3844 mph) 
Any tpoid 


6 

4 

2 

4 


B 

4 

2 

4 


B- 

4 

2 

4 


e 

4 

2 

4 


Shut-down oondMont 


Low tpotd (4-20 mph) 
MM tpotd (20-38 mph) 
HI tpMd (38-44 mph) 
Anyipood 


2 

2 

2 

7 


Eimromcy ihut-down oonditloni 


2 


Oporot* mod* oonditlont 
14-27 mph 2 hn (min) 

27-33 m|4i 1 hr (min) 

3345 mph 30 mlnutot (min) 
Anyipood lOmlnutti(min) 


2 

1 

2 

9. 


RKnott4>pornlon 

8 hMM (oontfolladirom . 1 

Dittnwi) 



Poww vortuMvind tpoad plot 
lOOhnoptratlon 
OporatlomI modi domomtratlon 
Total tamplai/oondHiant 
U> Par D277-10122-1 (MOD-2 Syttam 



taat plan) at apptr'vad In tach dlractNo No 


I 

.21,2/4/80. 


1 

1 

4 

62 


1 

1 

4 

62 


3.5 OTHER TESTS 


Th:-ee specific types of tests have been 
since the machines have been operational 


or are being conducted at 
-.-These are: 


Goldendale 


a) Acoustic Noise 

b) Television Interference (TVI) 

c) Wake Measurements 


conducted under the auspices of the Test Project Review 

Northwest LaboratofrfPNU 
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3.5.1 Acoustic Noise 


In the spring of 1982 SERI conducted a series of tests over a period of six 
weeks to measure the acoustic noise emission and effects during single and 
multiple wind turbine operations- The tests Included the use of noise 
measuring instrumentation on the ground, on the wind tu»"bine tower and 
airborne, using a balloon. DOE/NASA_Document TM 20305-8 {March 1982) provides 
planning details. Data collected was incomplete due to factors such as suitable 
wind conditions, wind turbine operations, and instrumentation difficulties. 

Data are currently being reduced and analyzed by SERI. 

NASA Langley made recordings of the acoustic noise from single and multiple 
turbine machine opfiration Jn May 1982 and is currently processing and analyzing 
the data. 

3.5.2 TVI 

SERI, University of Michigan and BPA collaborated in measurements of TVI from 
the ^D-2 wind turbine system. DOE/NASA Document TM 20305-8 (March 1982) 
provides planning details. Static data (machine not rotating) were taken, using 
TV stations at Pasco and Portland as the sources. Dynamic data (machine 
rotating) were incomplete due to lack of data with WTS #1 operating alone. 

Data are currently being analyzed by the University of Michigan. 

3.5.3 Wake Tests 

In the summer of 1982 PNL conducted a series of tests to; 

a) Document qualitative and limited quantitative information gathered 
through flow visualization techniques that define the MOD-2 wake 
geometry* wake swirl -and rotor tip vortex persistence. 

b) Determine the centerline velocity deficit and its v’iriation with 
downwind distance. 

Reference 3 provides planning details. Techniques included smoke generator and 
balloon supported instrumentation. Results of these tests will be presented by 
PNL. ^ 

Oregon State University conducted wind flow evaluations near WTS #1 using kites 
flown at various altitudes. The objective was to define the structure of the 
wake surrounding WTS #1 and to compare these results with a modified version of 
the AeroVironment wake model. Data is currently being evaluated by OSU. 
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4.0 CONTROL SYSTEM DEVELOPMENT 


4.1 SUMMARY 

Since the MOD-2 wind turbine system operation began, a continuing effort has 
been made to Improve the control system performance. The baseline system 
(February 1981) was reasonably successful In satisfying the original design 
goals. However, due to excessive cyclic structural loads, modifications, to the 
pitch control algorithm were warranted. 

After extensive testing,, analysis, and redesign, the pitch control 
configuration arrived at operates satisfactorily and meets the three design 
objectives; namely, good system stability, good power quality, and decreased 
cyclic structural loads; however, the annual energy output of the machines has 
decreased. An Improved control algorithm Is presently being tested which will 
meet all design objectives and Increase annual energy production. _ 

4.2 BASELINE SYSTEM DESCRIPTION 

The MOD-2 control system provides the sensing, computation, and commands 
necessary for unattended operation of the VfTS. The pitch control system Is 
that portion of the control system which regulates the angle of attack of the 
outboard section of the rotor (rotor tips). Adjusting the tip angle of attack 
Is the method used to control power levels and quality, as well as alleviating 
structural loads.. 

4.2.1 Design Objectives 

The baseline pitch control system was designed to operate In the wind regime 
outlined In the MOO-2 System. Specification., Specific requirements In that 
document that apply to the Pitch Control System either directly or indirectly 
are discussed In the following s ection. 

4. 2.1.1 Steady Wind Speed 

The two regions of- power production defined for the baseline MOD-2 WTS were 
above and below “rated” wind speed (Vp = 28 raph). The region from Vr to the 
high wind speed cutout (Vqq » 45mph) was the above rated. wind speed operating 
regime. The design objective to this regime was to produce the rated power 
output (2.5 MW) with small variations due to gusts. 

For wind speeds below V,., the design objective was to maximize toe power out- 
put by staying as. close as possible to maximum coefficient of power (CP) 
operating conditions. 

4. 2. 1.2 Wind Gusts 

A “design gust" (Vw > 28%, 13.8 sec. duration) was determined by statistical 
operations, after truncation of toe power spectral density curve of expected 
gusts across the 300 ft diameter rotor, for gusts below 30 seconds in 
duration. This gust profile has a 1-COS shape. A “loads gust" (Vw > 41%, 30 
sec. duration) was also defined. 
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The baseline design objectives relating to wind gusts were: 

1) Maintain drive train torque transients due to the design gust to less 
than 5^6 above rated torque. 

2) Maintain drive train torque transients due to the loads gust to be less 
than 58% above rated torque. 

4. 2. 1.3 Twice Per Revolution (2P) Alternating Torques 

WiJid shear and nacelle yaw angle with respect to the wind, contribute to drive 
tr^in -disturbance torques at 2P. Since both the above rated and below rated 
algorithms will respond to this 2P disturbance and. actuator motion at 
2P is undesirable another baseline design goal was to minimize this motion. 

4.2.2 BaselJne Configuration 

A preliminary design which supported the above objectives was defined and 
analyzed. This desi.gn was then implemented with a microprocessor based onboard 
system. The control system is illustrated by the Figure 4-1 block diagram. The 
initial baseline control algorithms were characterized by the following: 

1) Below rated operation had two pitch set points; 3 degrees and 5 degrees. 

In addition, hub-rate error was fed_back to increase system damping. 

Note: The initial control system design utilized pitch set points of -1 degree 
and +3 degrees without hub rate damping. The addition of hub rate 
damping early in the field test program necessitated changing to the +3 
and +5 degree set points. 

2) Above rated operation utilized proportional plus integral control of power 
output in addition to the hub rate error feedback. 

3) There was no hysteresis included in the transition region (between below 
and above rated operation!. 

4) A 2P notch filter was used in the control pitch command output. 

4.2.3 Baseline Test Results 

The baseline control system described above was in place in February 1981. During 
March and April stable operation was observed. The winds during that time period 
were relatively light and steady. When the above rated mode was reached, the power 
quality was quite good (±350 kW). Also, drive train torque transients were 
acceptable. The design objectives, as out-lined above, seemed to have been met. 
However, when operations resumed in the fall of 1981, much more turbulence in the 
wind showed a stability problem at and above rated wind and the cyclic structural 
loads were found to be considerably higher than the anticipated levels. These high 
load levels have an adverse impact on system life and repair frequency. 
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Figure 4-1, Control System Block Diagram 

















4.3 SYSTEM IMPROVEMENTS 

an ongoing analysis effort has been made to modify and 
Improve the baseline pitch control system design with the objective of 
Improving stability and reducing cyclic structural loads. 

drafted to perform the analyses required to reach the above 
objective. Three major analysis tasks were performed. First, the dvnamic 
simulation model of the MOO-2 was improved in order to increase the validity of 

incrlasl°Stahnfr'^’ modifications of the pitch control algorithm designed to 
vaHo^rnntrh f evaluated with the improved simulation. And. third, 

structuraM^aS designs were evaluated in an attempt to reduce cyclic 

4.3.1 Dynamic. Model Improvements 

The dy.namic control system analysis of the MOD-2 is performed with-ji non-linear 
wnttan in the EASY5 simeUtion Ungeage. A block 0109 ^ 0 ? Jnfc 

Fioure*4°3 teatures are sunmarized tc 

we?rLte io th!s^JSll?° ^ rapYovements study^ the following enhancements 

1) A model of the two dominant flexible modes of the tower/rotor structure 

bending moments are calculated which can 
be directly related to the moments measured in the field. 

2) Digitized, real wind time history data were incorporated as the forcing 

runction. ° 

3) The capability to calculate power spectral densities of simulated loads 

WdS dQG6u» 

4 . 3.2 Stability Modifications 

control algorithm, designed to increase 
stability, were tested in the simulation; hysteresis was added at the control 

control gains were optimized. These modifications 
proved very promising and were later tested in the field and incorporated. 

4.3.3 Notch Filter Design 

Since most of the cyclic structural loads occurred at two distinct frequencies 

rotor natural frequency - L hz) 
it was decided to investigate the use of notch filters in order to reduce anv 

structure and control system at these frequencies. Ma?7 
notch ^Jlters were investigated with the simulation. Of these, only a few 
were actually tested in the field. ^ ^ 
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EASY MODEL SIMULATION CAPABILITY 
FEATURES 

ACTUAL WIND INPUTS— 

AERODYNAMIC DRIVETRAIN STRUCTURAL COUPLING 
MODE LS CONTROLS ALGORITHMS 
NON LI NEAR-SERVO MODEL 

NONLINEAR AERODYNAMICS BASED ON RELATIVE WIND 
PSD 

TIME HISTOR-Y 

STATISTICAL LOADS ANALYSIS 
STABiLITY ANALYSIS 
LIMITATIONS 

DOES NOT SIMULATE IP OR 2P 
ASSUMES INPUT WIND UNIFORM OVER DISK 
DOES NOT SIMULATE TEETER 

Figure 4-3. Simulation Capability 


Table 4- 1. Control System improvements 


ConfiguratHin 


Feb '81 

BeieHne 


2P Notch 
flttw 


June thiu 
Dec '81 


-9 db Tower 
notch filter 


Jan '82 


Control loop 
cein changci 
hystareeit . _| 
added 


Feb '82 


-23 bd Tower 
notch filter 
reviaedfleim 


April '82 


-16 db Blade 
rwtch fitter 


Juiy '82 


—23 db Tower 
notch fKter, 
reviaed flakn, 
6^ below rated 
pitch icheduta, 
0° pitch limit 


Stability 


Power quality 


Lknitad 

ataMlIty 


1360 kW 


Marolnal 

ttabMtv 


Improved 
itabNity 
above/balow , 
rated tranaitkei^ 
proDftfm 


Improved 
itabiMty 
above/below 
rcM traneMon 


Improved 
atabiitv 
above/below 
trahtMovi 


Stable 


ratlHtrah ) 


±760 kW 


±200 kW 


±260 kW 


±260 kW 


±260 kW 


Tower cyclic 
loeda 


Rotor cydk 


100 % 


100 % 


64% 


64% 


27% 


27% 


27% 


100 % 


100 % 


100 % 


kn^ovement 


100 % 
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4.3.4 Analysis Results 
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Table 4-1 suniniarizes the performance predictions made with the simulation as 
the pitch system configuration evolved from February 196J to July 1982. As 
shown, the analysis Indicated that each design change Improved the MOD-2 
performance. The July 1982-conflguratlon is currently in use. 

4.4 FINAL SYSTEM DESCRIPTION - 

ope'^a^^f'9 satisfactorily In February and April 1982 and 
meeting the three objectives established above In the rated. mode; namely, 
Increased stability, good power quality, and- decreased cyclic structural, loads. 
However, the above Improvements were followed by an instability occurring at 
the aboye/below rated transition region. This condition is aggravated by the 
blade pitch being driven beyond the maximum % and causing negative damoina 
(oscillation, excitation) instead of damping, ^Ta minimize this condition, a 
pitch command limit of 0 and a 5“ below rated nominal pitch setting has been 
implemented as an Interim measure. Limited operation at this time in both 
above and below rated modes has not observed a stability problem. The pitch 
control algorithms currently in use are shown in Figure 4-5. 

An effort 1.$ underway to achieve more below rated power by operating closer to 

rated, delete the mode change steps and maintain stability 
margins. Initial tests results of the improved algorithm show a significant ^ 
improvement. This effort is scheduled fot* completion at the end of Octobe?. 
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5.0 INITIAL OPERATION 


This section discusses the performance of the MOU-2 WTS during Its Initial 
operating period. Information presented on system performance and loads 1s 
based on data gathered from January 1981 through mid May 1982. Availability 
and maintenance experience data covers the period January 1981 through early 
June 1982. 

5.1 AERODYNAMIC -PERFORMANCE 

5.1.1 — Power Variation with Wind Speed 

The power variation with wind speed for the three MOD-2 units at Goldendale, Is 
shown In Figures 5-1 through 5-3. Ihe first and second figures refer to units 
#3 and #2, respectively. The third figure Is for unit #1. In all three figures, 
the power was measured at the generator output terminals and the wind -speed was 
measured at the 195 ft. level of the BPA meterological tower. 

The data shown In the first two figures were generated by computer analysis. of | 

data recorded on magnetic tape at the site. Each data point represents an 

average value for a ten minute interval. The time Intervals were identified by 

searching the real time brush recorder charts from the site. Ft)r operation 

below rated power, the pitch angle throughout the entire time Interval was 

either +3 or +5 degrees. To minimize data scatter, Intervals were selected 

where the wind was reasonably smooth. The total var-iation in power during any 

time interval was usually less than 500 kW. The time scale for these power 

variations was several minutes. Almost all of the below rated power data points 

occurred during the night hours. For operations at rated power, the only 

criterion used to identify time Intervals was that the entire interval be rated 

power operation. After the time intervals were Identified, the wind speed and 

generator power channels were digitized at a sampling rate of 10 per second. 

Average values were then computed. 

The data shown 1n Figure 5-3 were obtained by manually averaging brush 
recorder traces over time intervals of several minutes. The time Intervals 
were selected so that power and wind speed signals were relatively smooth. 

The data shown in the three figures correlate quite well with the predictions 
from the GEM computer program used for performance predictions. In addition, 
there do not appear to be any significant differences between the power output 
measurement for the three units at Goldendale. 

5.1.2 Drive Train Losses 

The drive train losses for the MOD -2 wind turbine were measured by comparing 
the mechanical power transmitted through the quill shaft with the electrical 
power delivered at the generator terminals. The results are presented In 
Hgure 5-4. Data points are presented for units #2 and #3. The averaging 
Interval for these data points was one minute. 
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Figure 5- 1. Performance Curve For Mod-2 (WTS Number 3) 
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In Figure b-4, the data points are compared to a vendor loss curve. The loss 
curve was derived by combining losses measured by the respective vendors of 
the gearbox and generator. Unity power factor was assumed for the generator 
losses. 

Inspection of Figure b-4 shows that the drive train looses measured at 
Goldendale are optimistic relative to the vendor data, especially at the 
higher power levels. The data also indicate that the unit #3 drive train Is 
more efficient that the unit #2 drive train. The difference between the drive 
train losses for units #2 and #3 is larger than expected. Most of this 
discrepancy is attributed to the inability to obtain an accurate calibration 
for the quill shaft torque measuring channel. 

5.1.3 Startup Time 

The impact of wind speed on the time required to accelerate the rotor from, 
zero rpm to synchronous speed was measured at Goldendale. The results are 
shown in Figure 5-5 for units #2 and #3. 

The data, show -considerable scatter because ofthe inability to accurately 
measure" the average wind speed during the startup. Like the predictions shown, 
the di'ts indicate that the start up time is inversely proportional to wind 
speed. Most of the measured startup times are less than the predictions. 
Approximately 5 minutes are required to startup in a 20 mph wind at hub 
height. 

5.2 STRUCTURAL ANALYSIS CORRELATION 

A primary goal of the MOD-2 acceptance test program was to gather sufficient 
data to demonstrate that the MOD-2 WTS is operating within design load 
limits. The purpose of this section is to correlate the Goldendale measured 
loads with the MOD-2 structural design loads. The data/analysis correlation 
focused on the critical structural subsystems including rotor blades, pitch 
actuator, quill shaft and tower. Measured teeter motions and drive train and 
nacelle vibration environments were also correlated with MOD-2 design 
criteria. Based on the measured loads data, a fatigue life assessment of the 
MOD-2 WTS was performed for both the Goldendale and design Wei bull distribu- 
tion of winds. 


5.2.1 Test Data Loads Analysis 

The purpose of this section is to show the correlation of the MOD-2 design 
loads with loads measured on the Goldendale MOD-2 units during the acceptance 
test program. To facilitate this correlation, the operating loads data re- 
corded on magnetic tape on site were digitized, processed, sorted into wind 
speed bins and analyzed statistically. The wind speed measured at the 195 foot 
level of the BPA met tower was used as the wind speed reference in a similar 
manner to the performance correlation of Section 5.1. Time histories of 
startup and shutdown loads were also cross plotted for correlation with design 
loads. 
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Teeter motion data was analyzed statistically for both operating a^^ 

startup/sbutdown conditions for co^ 

Imll S?tratfSn'"crrter?rvend:r%pec1f1cat1ons and Industry vibration 

standards. 

5. 2. 1.1 Rotor Loads 

5. 2. 1.1.1 Flapwise Blade Loads 

Flaowise blade bending moments were measured at Sta. 370 (r/R J . 

1164 r/R = 0.651 on both blades on each unit. Operating flapwise loads 
we?; «p?r«ed Into ?ma? and cyclic components and sorted Into wind speed bins 
over the operating envelope. 

Tbe --easured^an flapwise amments a^^^^^ «!?AB“co1?l??r’“^‘'* 

S ^d;?erop?;\yTAsJ!*’?"he'l?fd P-dlctlons from tbe f *1 Pro|ram are 

jr^ofd; S?rd/«e“raS“ifnd?/??: S P^P- 

?ra?iTn?o?5?nf s 

rereir«l??;rb?“t??"?tb"?''tr???is“"artte ???? ??ndTp??5. This difference, 
which may be due to pitch tolerance buildup in the as-built 

r?ratis? ??“:?iu??rCueTo?5; 

design loads is considered satisfactory. 

The measured mean flapwise moments at Sta. 1164 are compired to loads 
predictions in Figures 5-9 and 5-10 for units 

SI ?S?a*l;ow\5T°s?S;ira?'?"ronu!’Both the I4DSTAB and BEM programs provide a 

;i:r«:rvir?^ 

representation overall. 

The soanwtse distribution of mean flapwise bending moment ]s sljf" f'Pbte 
n 11 ^Thlsls a cross Plot of data points near rated wind (29-31 mph) for 
wh “h I?l? the mean and standard deviations (zl<J are “ 

and GEM programs provide a good representation of measured data, with GEM 
predictions being somewhat conservative. 

The .»asured cyclic flapwue ^ 

???11? loSds dSta were developed to facilitate fatigue life calculations. 
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Figure 5-7. Mean F/apwise Bending Moment at Sta. 370 (WTS Number 2} 



Figure 5-8. Mean Ffapwise Bending Moment at Sta. 370 (WTS Number 1) 


5-7 






ORIQtNAL PAGE IS 
OF POOR QUALITY 



tndlcatsd wind tpeed at £PA nisterdloglMl tower at 19 b-ft (mph) 


Figure 5-9. Mean F/apwise Bending Moment at Sta. 1 164 (WTS Number 3) 



Figure S'10. Mean Fiapwlse Bending Moment at Sta. 1 164 ONTS Number 2) 
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Figure. 5- 1 1. Spanwise Distribution of Mean Fiapwise Bending Moment 
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Ffgurm 6- Cycfic Fiapwise Bending Moment at Station 370 WtS Number 3} 
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F/ffurg 5* fS. Cyclic Flapwise Bending Moment at Station 370 (WTS Number 3} 




Cydic flapMoM bending moTMnt at station 1164 (lO^fMb) 
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Figure 5 - IS. CycHc Fiapwise Bending Moment atStation 1 164 (WTS Number 2) 



Figure S- 16 . Mod^2 Wind Speed Frequency Distribution 
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Cyclic loads predictions in the form of the wind bins plots shown in Figures 
5-12 to 5-15 were not available because of a different methodology used for 
cyclic loads predictions. The correlation of cyclic loads predictions and 
loads data, however, was possible on the total cumulative probability distri- 
butions over the 30 year life of the machine. In order to transform the 
cyclic loads data in wind bins form to a cumulative probability distribution, 
one must consider the annual distribution of mean winds. In effect, the fre- 
quency distribution of mean winds is used to weight the wind bins statistics 
to arrive at a total cumulative probability distribution. 

The design mean wind (Weibull) distribution is compared to the measured 
Goldendale distribution in Figure 5-16, The latter was measured over 
approximately an 18 month interval. It is obvious that the design (Weibull) 
distribution is more severe in that more time is spent at the higher wind 
speeds. Since the design cyclic loads were based on an assumed Weibull 
distribution, this distribution was used for determining the cumulative 
probability distribution. 

The cumulative distribution of cyclic flapwise moments is compared to the 
MOD-2 design loads distribution in Figures 5-17 and 5-18. At both blade 
stations, the test data based on the Wp‘*bull distribution exceeds the MOD-2 
design loads distribution. At Sta. 370 the measured cyclic load (0.999) is 
53 percent greater than design; at Sta, 1164 the measured data exceeds design 
by 125 percent. The cyclic loads i.iethodology is believed to have underestimated 
both the narrowband turbulent response of the blade flap mode and the control 
system induced blade loads. The effects on fatigue life are discussed in 
Section 5.2.2. 

5. 2. 1.1. 2 Chordwise Blade Loads 

Cyclic chordwise moments were measured at Sta. 100, 370, and 1164. The 
correlation of measured cyclic chordwise bending moments with MOSTAB design 
loads, corrected for as measured rotor weight, is shown in Figure 5-19. The 
data is in good agreement with prediction. Data traces Indicate that the cyclic 
chordwise moments are primarily gravity induced (IP) with little evidence of 
higher frequency content. The chordwise blade mode does not couple with other 
structural modes. 

5. 2. 1.1. 3 Blade Startup/Shutdown Loads 

Shutdown of the MOD-2 units is accomplished by feathering the blade tips at 
prescribed rates. The emergency shutdown feather rate is highest at initiation 
of shutdown and gradually decreases, averaging 5® per second; the normal 
shutdown rate is 1® per second. Feathering causes reversal of the flapwise 
bending, generally peaking when the blade pitch passes through 25® to 35®. The 
upwind blade surface normally in tension during operation is subjected to a 
compressive loading. The maximum shutdown loads occur during shutdown in near 
rated winds. Emergency shutdown loads are somewhat more severe than normal 
shutdown loads. 
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Figure 5-19. Spanwise Distribution of Cyclic Chordwise Bending Moment 



Figure 6-20. Peak Ftap^ise Bending Moments During Shutdown 
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Data from all three MOD-2 units exhibit similar shutdown loads. Peak shutdown 
loads from unit #3 are shown In Figure 5-20 compared to predictions used during 
the design phase. The shutdown loads predictions are somewhat conservative* but 
in good qualitative agreement with data. The corres-ponding shutdown time- 
histories are shown In Figures 5-21 and 5-22. 

Measured startup loads are small compared to shutdown loads and well within the 
design loads limits. 

5. 2. 1.2 360 Joint Redesign 

The original design of the 360 joint provided lips at the inner and outer 
peripheries of the flanges to facilitate accurate shimming of the joint during 
assembly. Distortion due to welding, and machining tolerance requirements 
after welding would not support the use of an unshimmed joint. Although the 
lips were originally planned for only the hub side of the joint, it was 
necessary, in places, to build up lips on the mid section side of the joint 
with weld metal in order to maintain, the mij^i mum flange thickness during the 
machining op^eration. In addition, to facilitating assembly of the joints, the 
lips caused compression stresses in the fillet region of the joint when the 
joint was. bol ted -together, thereby improving the fatigue performance of the 
critical region. However, the resulting springiness of the joint produced 
unacceptable fatigue stresses in the bol ts- resul ti ng in early fatigue 
failures. 

Two possible solutions to the problem were considered: 1) the use of. larger 

bolts to reduce fatigue stresses to acceptable levels; and 2) shimming the 
center of the join.t to eliminate the springiness. The first solution required, 
accurate bolt preloads if fatigue problems in the fillet region were to be 
avoided. The second solution requires accurate shimming if bolt and fillet 
fatigue problems were to be avoided. The second solution was adopted to have 
the greatest probability of success. 

In order for the shimming solution to work, a very accurate means for measuring 
the gap and locating the shims was required. The solution to both these 
problems was to identify the shim location on the hub section with a "magic 
marker then join the hub and mid section with sufficient non shrinking plastic 
pge material in the gap to fill the void in the area the shim would be 
located. After curing, the sections were separated and the plastic gage (ATACS 
bill) was removed. The magic marker lines were visible on the plastic gage, 
thereby allowing accurate location of the shims. The plastic gage was cut in 
shim size pieces so the required measure could be made. Analytically, a 

thicker than the gap provided acceptable fatigue stresses in 
fillet region and the bolts. The allowable tolerance on thickness was 
+.0025 and -.0010 inch. Since the initial installation was to use peel shims, 
the additional compliance caused by the glue lines (between laminations) needed 
to be determined. Tests were conducted to determine the required additional 
thickness and a schedule of shim thickness versus gap measurements was 
established (this only applies to unit #1 only because #2 and #3 used solid 
shims). Also, procedures were established by which the effect of taper in the 
plastic gage could be accounted for In the manufacture of the shim. 
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Because of the high degree of accuracy required In the shimming process, a 
means by which the final joint Integrity could be established was needed, Two 
different tests were conducted to determine the acceptability of the joints. 

The first test was a "blueing" test where blueing WuS applied to the mid 

section side of the joint,. The section was then jointed using the final 

assembly procedures and then separated. The level of contact of the shims was 

determined from the amount of blueing transferred. This test was conducted on 

all three Goldendale units and verified the contact of the shims. Having 

V3r1f-1ed the proper manufacture and application of the shims, the remaining 

question was whether the shims were functioning In service as predicted 

analytically. To determine the actual operating stresses In the bolts, four 

Instrumented bolts were Installed In unit #1 at Goldendale to measure actual 

bolt operational stresses. Tests were conducted both to determine the bolt 

stresses with and without an adjacent bolt missing. A summary of the test 

results is presented In Figure 5.22A. The test results were In excellent 

agreement with the analysis and verified the absence of a fatigue problem even 

If an adjacent bolt was missing or improperly Installed. In addition to the 

Instrumented bolts, two fillet regions were also Instrumented for this test | 

program. As with the bolts, the fillet stresses were In good agreement with 

the analysis and verified the absence of a fatigue problem. 
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5. 2. 1.3 Pitch Actuator Loads 

Proper operation of the pitch actuators is essential to startup, operation and 

machines. The pitch actuator must have both the required 
capacllty over all ranges of operation. Tne pitch actuator Is 
^ 3 linear element which reacts axial loads only. Because of 

" Instrumenting the actuator rod directly, the head and rod end 
hydraulic pressures were measured. The actuator*. forces were calculated from 
the pressure measurements using the respective head and rod end areas. The 

collective pitch position was known so that 
fro^ the data actuator moment and collective pitch could be developed 

the pitch actuator, moment during emergency shutdown from an 
condition. This cross plot represents approximately 5 minutes of reaJ_ 
moment denotes that aerodynamic moments are acting to drive 
the blade tip toward feather. The scatter of points denoted "oper^tlog" 
represent the normal variation of pitch actuator loads when the rotor is 
producing power under active pitch control. The mean pitch actuator load 1s 
compressive. During shutdown aerodynamic moments are developed which tend to 

feather causing a tensile load In the actuator. As 
the blade tips continue to feather and the rotor speed decreases, the primary 
actuator loads are produced by IP gravity loading of the blade tips. 

InA agreement with design loads predictions 

and within the pitch actuator capability, represented by normal (2,000 psi ) and 
minimum (1500 psi ) stall limits. The normal limit represents a zero flow 
condition. The minimum limit corresponds -to a situation In which the hydraulic 
pressure fluctuations would cause the sy s tern ^ires sure to drop sufficiently to 
trigpr a shutdown. Test data shows that the pitch actuator system has 

sufficient capacity to shutdown the MOD-2 WTS under all normal and fault 
shutdown conditions. 

actuator moments developed during a startup are illustrated in Figure 
5-24. The rotor, starting from a breakaway pitch angle, gradually 1.ncreases 
speed. The primary pitch actuator loading is gravity (IP). At a collective 
pitch of approximately 20“ the rotor is under speed control and remains there 
until synchronization at which point the blade tips drive to the operational 

pitch actuator loads during startup are not critical and 
well -within the pitch actuator design limits. 

5. 2. 1.4 Drive Train Loads 

i^fnf ^will shaft provided a good measure of the drive train 

In two planes were measured. Test data 
revealed that the quill shaft bending loads were very small (<2 percent of 

flexibility of the quill shaft In relation to the 
low speed shaft proved very effective in minimizing bending of the quill shaft 
Consequently, this section is limited to a discussion of measured quill shaft 

vOi CjUGS • 
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wind bins analyses were performed on measured quill shaft torques. Those data 

nrIL ? 5°?^ torque design values and the performance data 

presented In Section b.l. 


Quill shaft cyclic torque is anoth-or measure of power quality to which it Is 
directly related. Figure 5-25 shows representative power quality data In the 
below and above rated modes of operation. Although there were no specific power 
quality requirements for MOD-2, test data reveal peak cyclic values on the ^ 
order of 18 percent of rated as shown in Figure 5-25. 


Statistical analysis was performed on the cyclic quill shaft torque and 
presented in the form of a wind bins plot in Figure 5-26. A very conserva- 
tiye estimation of the .999 probability was used In conjunction with the 
Wei bull wind distribution shown in Figure 5-16 to develop the cumulative 
cyclic torque curve shown In Figure 5-27. The MOD-2 (0.999) design loads 
exceed measured data whereas the (.50) design loads are unconservative. This 
difference in the load spectrum does not affect the 30 year fatigue life 
estimate for the quill shaft as demonstrated in Section 5.2.2. 

5. 2. 1.5 Tower Loads 

Tower loads were measured at Sta. 600 above the transition section. Tower 
torque and bending In two onhogonal directions were monitored. Statistical 

analysis was performed on tower cyclic loads In a manner similar to other loads 
channel s • 

A wind bins plot of cyclic tower torque Is shown in Figure 5-28. Tower torque is 
insignificant to tower design compared to bending loads but relevant to the 
design of the yaw drive system. During yawing the parking brakes are relaxed and 
torque is reacted through the yaw drive system. The measured cyclic yaw 
moments, inferred from the tower torque data, exceed MOD -2 yaw drive cyclic ^ 

■ f case failure has recently occurred on Unit #5 (Solano . 

Although the case has been shown to be understrength, it Is unclear to what 
extent higher than predicted loads contributed to the failure. A yaw loads test 
program is in progress at Goldendale to assess the problem. 

performed on the cyclic tower moments as shown !n 

separately on each bending moment 
channel and statistics combined vectorally for each wind bin. This is equiva- 
lent to assuming bending loads from the two channels are always in phase. Test 
data time history reveal that this is not strictly correct and results in a 
somewhat conservative estimate of the total cyclic moment. A conservative (0.999) 
estimate was combined with the design Weibull distribution of mean 
winds to develop the cumulative loads plot shown in Figure 5-30. The test 
data exceeds the MOD -2 design loads, the implications of which are discussed 
in the tower fatigue life analysis of Section 5.2,2. 
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Figure 5-25. Quill Shaft Torque Time Histories 
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Figure 6-26. Cyclic Quilt Shaft Torque (WTS Number 3i 
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Figure ‘5-29. Cyclic Tower Bending Moments at Station 600 (WTS Number 3) 
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Figure $-30. Cumulative Frobabiiity of Cyclic Tower Bending Moment at Sta. e 
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5. 2. 1.6 Teeter Motion 

Unsteady wind conditions including variable wind gradients and wind direction 
result in a 1 per rev cyclic teeter response. The response amplitudes increase 
with wind speed and yaw heading error. Figure 5-31 shows the measured peak 
cyclic teeter response compared to the MOD-2 design envelope. The data includes 
only teeter response measured while operating. Teeter response of all Goldendale 
MOD-2 units was similar. Except at low winds, the teeter response falls within 
the design envelope. The cumulative probability distribution of cyclic teeter 
motion based on the design Wei bull distribution of mean winds is well within the 
design spectrum. Measured peak cyclic teeter motions do not exceed 5“. There 
has been no evidence of impacting the teeter stops at 6.5* while operating. 

During startup and shutdown, transient cyclic teeter motions were measured. 

Under these conditions the teeter brake is applied below 8 rpm. Figure 5-32 
shows the maximum cyclic teeter angles observed for a number of "startups and 
shutdowns under a variety of wind conditions. The average (50 percent) maximum 
teeter response was 3.1* during startup and 2.3* during shutdown. Impacting of 
stops during these transient conditions was not observed. The cumu-lative 
probability distribution shown in Figure 5-32 also suggests that the probability 
of impacting the stops is remote. 

Near the end of the acceptance test program, the teeter brakes were deactivated 
so that the requirements for the brakes could be assessed. The teeter stop 
stress gage instrumentation was load-calibrated and about five hours of parked 
rotor teeter motion and impact load data were acquired. Wind speeds varied from 
37 mph up to 52 mph, with teeter velocities at the instant of stop contact 
varying from about .7* per second to 1.8® per second. Analysis of this data 
indicated that excessive loads may be encountered. Because of these 
indications, data to be acquired throughout the rest of the planned test program 
must be reviewed before a final recommendation can be made. In the interim, the 
brakes are disabled because their current capacity dees not eliminate the 
critical load condition, and disabling the brake does not present a significant 
risk to the machine. 

5. 2. 1.7 Nacelle Vibration 

The vibration environment in the nacelle was measured to assess whether drive 
train, gearbox, generator and control system environments were within design 
limits. Accelerometers were mounted on the low speed shaft bearing supports, 
gearbox and generator. 

The acceleration spectra measured at various locations in the nacelle during 
above rated operation are shown in Figure 5-33. The measured vibration 
environments are low compared to the MOD-2 nacelle vibration design envelope. 

The primary excitation is harmonic motion at IP, 2P and 4P and at the generator 
frequency. There was no evidence that any drive train excitation frequencies 
were coupling with mount or nacelle structural modes. The measured gearbox and 
generator vibrations are within the Stal -Laval gearbox vibration criteria and 
NEMA standards respectively. 


5-24 











• '‘/'.L HAQC rS 
OF POOR QUALITY 


5.2,2 Fatigue Life Assessment 


The purpose of this section Is to present an assessment of the fatigue life 
based on the measured loads at Goldendale. The basic procedure used to calculate 
fatigue life Is presented 1n the HOD-2 Wind Turbine System Concept and 
Preliminary Design Report (Reference 1). Both the design criteria Welbultwlnd 
speed distribution and the as-measured Goldendale wind speed distribution were 
considered in the determination of fatigue life. The antl-cipated fatigue 
Hte of the major components Is discussed separately In the following 
sections. The term fatigue life when applied to the rotor and tower structure Is 
actually the mean time between repairs. When a fatigue crack develops In either 
of these structures, It can be repaired and the structure returned to service. 


5. 2. 2.1 Rotor Fatigue Assessment 

For the original design, the fatigue load spectrum was derived from the HOSTAB 
load calculations. Since the measured fatigue cyclic f.lapwlse loads were higher 
than design values. It was necessary to derive a new load spectrum. Figure 
5-34 outlines the procedure by which the fatigue- spectrum was derived. 


The procedure was to: 


1) Divide the wind speed distribution into wind bins; 

2) Determine the total cycles in each wind bln by assuming 17.5 cycles/minute 
(1 cycle per revolution); 

3) From the plot of- wind speed versus flap moment, determine the 
average mean and average 99.9% cyclic moment for each wind bln; 

4) Assuming (as indicated by the test data) the 50 percent cumulative 
probability alternating flap moment to be 1/3 of the 99.9 percent 
cumulative probability alternating flap moment, determine the distribution 
of alternating flap. moment for each wind bio. 

5) Add for each, wind bin, the centrifugal load and the mean flap load, and 
superimpose the alternating chord and flap loads assuming they are in 

P ndSG • 


The above load spectrum was then used to calculate a stress spectrum at various 
points at each chordwise weld station. The stress spectra were then used in the 
assessment of the fatigue life capability (time between repairs). 

Fatigue life as presented In Figures 5-35 thru 5-42 and Table 5-1 Is for. the 

speed distribution. The calculations are based on 1) nominal gage 
"5 allowances for secondary "out of contour" stresses, 3) design 

average measured cyclic loads. Whereas the nominal gage 
thickness assumption is conservative. Ignoring secondary out-of-contour stresses 

fatigue life for the rotor welds Is initially presented 
criteria flaw size (.050 inch deep by .250 Inch long) and 
then the f aw size consistent with a 30 year life is presented. The design 
criteria flaw size was selected as a conservative estimate of the worse size that 
should ever escape detection. Per the Inspectlon^cceptance criteria, all cracks 
(regard ess of size) and all other defects 0.125 Inch or longer are rejectable. 
The rationale for using 0.250 inch as a design value was to provide a degree of 
conservatism between the design and Inspection flaw size because no other factors 
were being applied to the fatigue allowables. Figure 5-43 and Table 5-2 present 
the anticipated fatigue life for the Goldendale wind speed distribution. The 
Goldendale wind speed distribution Is significantly less severe than the Weibull 
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Figure 5-34. Fatigue Spectrum Derivation 




Figure 5 ^ 5 . Weld Areat of Concerrt • WeibuU Wind Speed 
Distribution 
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Figure S-36. Rotor Fatigue Staws ■ Station 91 
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Figure S-37. Rotor Fatigue Status ^ Station ^ 
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Figure 5-38. Rotor Fatigue Status • Station 620 
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Figure 5-39. Rotor Fatigue Status ■ Station 880 
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Figure 5-40. Rotor Fatigue Stauis - Station 1 144 
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Figure 54 1. Rotor Fatigue Status • Station 1360 
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Figure S42. Rotor Fatigue Status • Spindle 


Table 5-1.. Summary Rotor Fatigue Status - Weibull Wind Speed 


n 

ESTIMATED LIFE 
BASED ON ORIGINAL 
CRITERIA 

LENGTH OF 
CHORDHISE HELD 
WITH < 30-YEAR LIFE 


COMMENTS 

HB 

12,000 HRS. (1.7 YRS.) 

20 IN. 

.039 X .195 IN, 

FILLET HELOS AT AFT SPAR 
< 30-YEAR LIFE (28,000 HRS) 

91 

18,800 HRS. (2.7 YRS.) 

36 IN. 

.040 X .200 IN. 

FILLET HELDS AT AFT AND FORUARD 
SPAR < 30-YEAR LIFE (25,000 HRS) 

224 

23,500 HRS. (3.4 YRS.) 

56 IN. 

.040 X .200 IN. 


357 

16,900 HRS. (2.5 YRS.) 

42 IN. 

.030 X .150 IN. 

FILLET HELDS AT FORHARD SPAR 
< 30-YEAR LIFE 175.000 HRS) 

363 

7,200 HRS. (1.0 YRS.) 

121 IN. 

.020 X .100 IN. 

FILLET MELDS AT AFT AND FORWARD 
SPAR < 30- YEAR LIFE (33.000 HRS) 

492 

12,800 HRS. (1.9 YRS.) 

72 IN. 

.023 X .115 IN. 

FILLET HELDS AT AFT AND FORWARD 
SPAR < 30-YEAR LIFE (70.000 HRS) 

620 

13,000 HRS. (1.9 YRS.) 

96 IN. 

.020 X .100 IN. 


750 

21,400 HRS. (3.1 YRS.) 

67 IN. 

.023 X .115 IN. 


880 

31,000 HRS. (4.5 YRS.) 

44 IN. 

.025 X .125 IN. 

FILLET HELDS AT FORHARD SPAR 
< 30-YEAR LIFE (85.000 HRS) 

1012 

51,800 HRS. (7.5 YRS.) 

32 IN. 

.030 X .150 IN. 

FILLET HELOS AT FORWARD SPAR 
< 30-YEAR LIFE (120.000 HRS) 

1144 

150,000 MRS. (21.8 YRS.) 

19 IN. 

.045 X ,225 IN. 

FILLETS O.K. 

1360 

90,000 HRS. (13.1 YRS.) 

40 IN. 

.041 X .205 IN. 

FILLET HELDS AT FORHARD AND MIDDLE 
SPAROO-YEARLIFE (100.000 HRS) 

SPINDLE 

1^. 000 HRS_, ( 2 .2 YRS . ) 

*20X OF CIRCUMFERENCE 

.021 X .063 IN. 



TOTAL HELD LENGTH WITH < 30-TEAR LIFE CHORDHISE 106 FT. [r> Lift - Mean time bttWWn r«p«irs 

enAuuTcr 'I'ln ~ 
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Figure 5~43. Weld Area$ of Concern - Goldendale Wind Speed Distribution 


Table 5-2 Summary of Rotor Status^^Goldendale Wind Distribution 


Location 



STATION 0 

3.4 YRS (15,300 HRS) 

FILLET WELDS AT AFT SPAR < 30 YEAR 
LIFE (56.000 HRS) 

STATION 91 

5.4 YRS (24.600 HRS) 

FILLET HELDS AT AFT SPAR < 30 YEAR 
LIFE (56.000 HRS) 

STATION 224 


FILLET HELDS OK 

STATION 35? 

4.7 YRS (21,400 HRS) 

FILLET HELDS AT FORWARD SPAR < 30 YEAR 
LIFE (140.000 HRS) 

STATION 363 

1.8 YRS (8,100 HRS) 

FILlET HELDS AT FORWARD AND AFT SPAR 
< 30 YEAR LIFE (60.000 HRS) 

STATION 492 

3.5 YRS (15,800 HRS) 

FILLET HELDS AT FORWARD AND AFT SPAR 
< 30 YEAR LIFE (130.000 HRS) 

STATION 620 

3.5 YRS (15.800 HRS) 

FILLET HELDS AT FORWARD SPAR 
< 30 YEAR LIFE (145.000 HRS) 

STATION 760 

6.4 YRS (29.000 HRSl 

FILLET HELDS OK 

STATION 880 

■nniBH 

FILLET HELDS OK 

STATION 1012 

20.0 YRS (90.000 ilRSl 

FILLET HELDS OK 


Ufa ■ Mean timt bttwMn rtpaln 
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distribution, (k'cause of the less severe environment at Goldendale, the extent of 

(sLt 0 dramatically reduced. For the worst area 

(Station 363), the 30 year flaw size is 0.030 inch deep by 0.150 inch long. 

30 year life based on the original criteria 

with the Goldendale distribution, 

crack detection system, the rotor is a failsafe structure. Fatigue 
therefore is actually the time between anticipated. repairs. For 
Goldendale, if the inspection/acceptance criteria was successful in detecting 

greater than 0.125 inch, the rotor should have a 30 year 
h 0“J-o^^-contour stresses are low. If the out-of-contour stresses are 

high and defects are present in the high stress area or if defects greater than 
0.125 were missed, there will be a need for inservice repairs. The spindle 
IS not failsafe because the crack detection system does not protect it. 

However, it has a 30 year life for the Goldendale loads. 

5. 2. 2. 2 Pitch Actuator Fatigue Assessment 

The measured fatigue loads are within the design limits, therefore the antici- 
pated fatigue life for the pitch actuator is 30 years. 

5. 2. 2. 3 Drive Train Fatigue Assessment 

The only component in the drive train for which the measured loads wer^ 
different than the design loads was the quill shaft (Figure 5-27). The load 
spectrum for the quill shaft uoilized the MOSTAB desi.gn mean load values and the 
measured cyclic values. Figure 5-44 provides a comparison of the measured versus 
design stresses for the quill shaft. Since the quill shaft satisfied the 30 year 
life requirement with the Wei bull wind speed distribution, the Goldendale 
distribution was not considered. 

5. 2. 2. 4 Tower Fatigue Assessment 

The fatigue life assessment of the tower used the design mean loads and the 
measured alternating loads. For the tower, the wind direction was assumed to be 
constant. Based on the wind direction data from Goldendale, the assumption of a 
constant wind direction is not excessively conservative. The design mean loads 
in conjunction with the measured cyclic loads were used in construction of the 
stress spectra. Nominal gage thicknesses with no allowance for secondary 
out-of-contour stresses were used in the determination of the stress values. 

Figure 5-45 presents the assessment of the tower fatigue life for both the 
Weibull and Goldendale wind speed distribution. For the tower, the design flaw 
taken to be 1.5 times the acceptable defect size. Since the acceptance 
criteria for the tower was per the AWS requirements, the defect size of concern 
varies with the wall thickness. The 1.5 factor was used rather than the 2 

the size flaws allowed by AWS are large and the chance of missing 
the defects is small. For the Goldendale wind distribution, there are only two 
weld seams with less than 30 years life. For these two, the minimum life is 20 
years. Periodic inspection can be used on the tower to detect incipient crack 
propagation and repair before failure. 

5. 2. 2. 5 Fatigue Assessment Summary 

In surmary, the differences between measured and design loads have caused several 
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Figure 5-44. Quill Shaft Fatigue Status 
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Figure 5-45. Tower Fatigue Status 


areas in both the rotor and tower to have less than 30 years life if the 
or ginal design criteria is applied. At Goldendale, the actual Li LmLt Is 
oa *** design, therefore, the problem areas are significantly 

reduced. The rotor has the minimum anticipated life, however it is a failLfe 
structure because of the crack detection system. The towlr fs not a fail afe 
system, however a reasonable inspection criteria can be formulated to preclude a 
catastrophic failure. Therefore, although some repair problems may occur 
periodic inspections on the tower and the crack detect! oriysLm on th^^otor 
failure!*^ i«achines at Goldendale to be operated without fear of a catastrophic 

5.3 Mechanical System Performance 
5.3.1 Rotor Pitch Control Hydraulic System 

pitch control hydraulic system is designed to control blade tip motion 
during normal WTS operation, and rotate blade tips to the feather position for 
system shutdown. Testing has shown that the system is capable of meeting the 

? ? ™?onT“fo?1t'’ Per%Pcond susLlnedlLn Sn®d 5!o" 

4 ft n® ^ least SIX seconds, with emergency shutdown response of between 

thP .P®'' second. The pitch hydraulic system consists of standard, off 

the shelf, i^draulic components, with the exception of a special hvdrauHc 
reservoir. This reservoir is unique in that it contains tSn bSlHn^ 

reservoir orientation to remain constant even 
lesTjir wIsTSJl? bJ components on a hydraulic 

a '"Pfoved design and Mterlal! havf 

dLee of rLLnity!"’ aotuators have subsequently demonstrated a high 

incident occurred in which the blade tips failed to feather 
condition which damaged the generator and quill ’ 
finli’ revealed that this was caused by contaminated hydraulic 

fluid which caused the start-stop valves to silt up and stick open a 

^nistanftfsn^Mie'^Alsf 'L ih^ “**h poppet type, Ehich are more 

resisianr to silting. Also, position monitors are now being used to warn of 

any problem wHn either valve prior to failure of both valJer asLu fallure 

‘"P normal (SSv LjatedremeLnw 

addlft!! ^n addition, an Independent emergency shutdown system was 

i *"*“'■"’9 shutdL, even In the event of 

simultaneous start-stop valve failure. 

hydraulic system was also re-examined to determine if 
sufficient redundancy existed in the system to preclude failure. A return line 
relief valve was identified which, if it stuck shut and electric ooier wSs a? n 
Ihh^h^? ^ solenoid valve, system shutdown would be prevented. A burst disc was 
added to provide an emergency flow path if the relief valv^ should stick 
However, pressure fluctuations in the hydraulic system wou?d oS si oJaiw 
damage burst discs, and therefore the bLrst dlL Jar?eplaced b^a rel^J^ 
rpiipf wiil require periodic maintenance testing to verify that neither 
elief y^lvc has become stuck shut. Also, improved procedures and facilities 
for monitoring hydraulic oil quality were delised. tS p?e?luL clponlll 
failure as a result of contaminated hydraulic fluid. ^ 
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5.3.2 Yaw Control System 


The yaw control system consists of a hydraulic powec. unit, a hydraulic motor which 
drives through a gearbox to turn the nacelle on Its yaw bearing so that It faces 
Into the wind, and yaw parking brakes to hold the nacelle In position. These 
parking brakes are designed to hold the nacelle no yaw rotation occurs In 81 mph 
winds. The yaw drive subsyst.ni has shown Itself capable of rotating the nacelle at 
the required rate of 1/4** per second. The hydcaullc power unU also controls 
operation of the rotor -brake, which restrains rotation of the rotor after 
shutdown. — 

Yaw control system problems have been confined to loosening of the yaw drive 
gearbox fasteners and minor problems with yaw parking brake adjustment. The 
gearbox fastener problems were solved by adding new fasteners which were 
installed with an Interference fit, and the parking brake adjustment problems 
were solved by a revised adjustment procedure. It has also proven difficult ta 
control drive pinion .clearance as closely as originally desired, but operating 
experience has shown that Increased clearance-has_no detrimental effect. 

A yaw drag brake was originally Installed, which was designed to add damping to 
assure smooth rotation of the yaw bearing. However,, some nuisance problems were 
experienced and operating experience Indicated that the yaw bearing has 
sufficient Internal friction to make the additional friction damping of the drag 
brake unnecessary. When testing confirmed that the drag brake could be removed 
with no effect on system performance, the design was revised to eliminate this 
brake functioi from the wind turbine. 

5.3.3 Low Speed Shaft Bearings 

The low speed shaft bearings, which. support the low speed shaft and rotor, have 
shown themselves capable of their task, altnough slight problems have been 
experienced with the bearing lubrication system. Specific problems have been a 
blocked lubrication passage, seal leaks, and bearing noise. Bearing noise has 
occurred sporadically during wear In of the bearing, but has not been 
accompanied by deterioration of bearing surfaces. The blocked lubrication 
passage was solved by a design change, and .seal leakage problem have been nearly, 
eliminated by. a revised seal Installation and Installation procedures. 

5.3.4 Low_Speed Shaft Slip Ring. Bearing 

The low speed shaft slip rljig transfers electrical signals and power to the 
rotating equipment on the low speed shaft and rotor blades.- A slip ring bearing 
selzer on unit #1 resulted In the anti -rotation bracket and LSS wiring being torn 
loose after less than 300 hours of total operation. The formed wire separator 
used in the bearing was Identified as the cause of the failure. All WTS units 
subsequently have had the wire separator removed and replaced with a solid brass 
separator of a circular pocket design. The brass separator has operated 
satisfactorily on units #1, #2 and #3 for 1300 cumulative hours. 
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5,3,5 Low Speed Shaft, yulll Shaft, and Coupling 
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The low speed shaft which supports the rotor and transmits power to the quill 
shaft, and the quill shaft and coupling which transmit power to the gearbox, 
have performed well with few problems having been experienced. The June 1981 
overspeed incident on unit #1 exposed these components to high overloads, yet 
the low speed shaft survived with only minor damage to fastener holes which 
required reaming and oversized fasteners. While the quill shaft underwent 
considerable yielding, it did not fracture. The quill shaft coupling, which 
transmits power from the quill shaft via a friction joint, has experienced one 
incident of slipping. However, this was caused by a failure to clean the 
coupling friction surface prior to installation, and not by a design 
deficiency. 

5.3.6 Gearbox 

The gearbox, which steps up the 17.5 rpm quill shaft speed to 1800 rpm to drive 
the generator, has proven very trouble free, and capable of high overloads 
without failure. The overspeed incident which occurred on unit #1 exposed the 
gearbox to extreme overloads, yet damage to the gearbox was virtually 
nonexistant. The gearbox has experienced several incidences of oil leakage. 

Only one of these created any problem, when a defective seal ring hung up and 
caused a substantial oil leak. All other leaks have been minor nuisance leaks 
from joints in the gearbox casing, and have been stopped by tightening bolts or 
application of sealant, 

5.3.7 Gearbox Lube System 

The gearbox lube system, which is designed to control the temperature of the 
gearbox lubricant and supply it under pressure to the gearbox, has experienced 
several problems, including contamination of the lubricating oil with water, 
and oil pressure fluctuations. The contamination was due to a lack of sealing 
the oil reservoir and inadequate draining of the nacelle. Addition of drain 
holes to divert water away from the reservoir has solved this problem. The oil 
pressure fluctuations, which occur momentarily when the oil cooling radiator 
control valve cycles, were creating unnecessary system shutdowns. To prevent 
these shutdowns, as the gearbox is capable of operating with much lower 
pressures '“or a short period of time, the lube system pressure switches were 
readjusted and the delay time altered to decrease the pressure levels which 
will Initiate shutdowns and to increase the time which the system can operate 
prior to shutdown with only slightly low pressure. Also, the lube system 
plumbing and control was modified to increase flow and eliminate switch over to 
the redundant pump during momentary pressure fluctuations. The redundant pump 
now has become a "ready-spare" by manual switchover. 

5.3.8 Generator Bearings 

The generator bearings, which are journal type bearings, have had three 
failures on one of the turbines due to inadequate lubrication. The first 
failure, caused by a malfunction of the oil heaters which burned the lubricant, 
was solved by using a different type of generator lubricant and deleting the 
lubricant heaters. The original lube system design was a passive scoop system 
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delivering oil -from the bearing sump. This passive system was found to be 
Inadequate to assure lubrication for the operation at low rpm when the wind 
turbine was In startup or shutdown or during very slow rotation when 
positioning the rotor for maintenance. 

The subsequent two failures were caused by errors In adjustment of this passive 
lube feed system while the bearings were being replaced. Therefore, an 

u system to assure oil supply during slow speed and startup 

conditions has been added. The passive system has been retained, and at high 
rpm provides adequate lubr1cat1on_wh11e the machine completes shutdown In the 
event of loss of the pump power. 

5.3»5 Teeter Bearings 

The teeter berings, whirh allow -the rotor to tilt slightly to relieve uneven 
wind loads, have performed within design expectations. Mo problems have been 
experienced, and the elastomeric materials appear.. to be holding up well. The 
teeter bearing was also exposed to extreme overload conditions during the unit 
Tu incident, . and survived these overloads with no evidence of damage. 

The teeter brakes, which were designed to restrain the rotor from teetering 
when the rotor is rotating slowly, have not performed well. Higher than 
anticipated loads, and deflections have caused repeated failure of teeter brake 
mounting bolts. These detlectlons have also caused excessive wear of the teeter 
brake slider, and teeter brake pad life has also been shorter than anticipated. 
Testing with, the teeter brakes disabled has shown that the teeter brakes are 
not required when the rotor Is turning, since the rotor has never come close to 
impacting the teeter stops. Testing has also shown that when the rotor is 

teeter brakes disabled, there Is an Increase in the amplitude 
of teeter motion to the 6 1/2° travel limit, but no evidence of hard Impacts on 
the teeter bearing stops. This Indicates that teeter brake problems have been 
resolved by elimination of these brakes. 

5.3.10 Crack Detection System 

The crack detection system, as described In Section .2.2.2 has performed without 
problem. Its function Is to detect a slight difference In air flow between the 
two blades which would occur In the event of a fatigue crack. Its capability 
has been demonstrated when a small amount of sealant failed and allowed airflow 
through a hydraulic line penetration at the spindle area rib at Station 1249. 

5.3.11 Manllft 

The manllft, which Is designed to transport maintenance personnel and equipment 
up to the nacelle, has worked well and required only minor adjustments to 
overload safety cutout systems. During the WTS assembly and checkout phase, the 

maintenance experience In several years of normal 
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5.4 ELECTRICAL POWER SYSTEM (EPS) PERFORMANCE 

5.4.1 EPS Description 

The EPS consists of the following major components: 

(1) Synchronous Generator - Wind driven (both starting and running) through 
quill shaft and 17.5 rpm to 1800 rpm gearbox. 

(2) Generator Accessory Unit -Cabinet mounted generator circuit breaker 
and protective relay equipment. 

(3) Yaw Slip Ring Assembly - Provides commutation for power and control 
cabling between nacelle and cable trays along inner tower wall, 

(4) Bus Tie-Contactor Unit - Enclosed switchgear containing: 

a. Circuit Breaker identical to the circuit breaker in the GAU. 

b. Synchronizing relays 

c. Metering 

(5) Generator Stepup Transformer -3125 KVA oil air cooled 12.5 KV grounded 
Y/4160 volt delta full winding transformer with 2 sets of ±2 1/2% taps 
and fused manual disconnect switch on high -voliage winding. Both HV and 
LV bushings are enclosed. 

5.4.2 Synchronous Generator 

Type - Foot mounted, brushless exciter, two disc fed oil lubricated 
sleeve bearings. 

Rating - 3125 KVA, 2500 kW, 1800 RPM, 3 phase, 60 Hertz, ,2400/4160 volts, 
752/434 amp, 0.8 P.F. at ambient temperatures to 50“C. 

Performance - Conservative design of generator Is such that machine is 
capable of producing 3500 kW at unity power factor at a 40®C ambient at 
altitudes to 3300 feet above sea level. Initial operating experience with 
the generators has been favorable except for a minor bearing lubrication 
problem on one machine which was resolved by adjustment of oil scoops. As 
a result of the Investigation associated with the bearing oil problem, 
It-was also detemlned that: 

(1) Oil heaters are not necessary If the proper lubricant is used. 

(2) Oil temperature sensors used for the oil heaters were poorly 
located - e.g., temperature was sensed in an oil cavity which was 
not directly heated. 

(3) Slow roll conditions are present and must be considered when 
designing the bearing lubrication system. 
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design/procedural changes are being Implemented to assure 
continuing generator bearing lubrication. 


(1) Oil heaters have been disconnected, 

(2) Lubricant was changed to a flat viscosity lubricant. 

(3) A pump lift system to flood bearings with oil during slow roll 
conditions will be retrofitted on all machines. 

5.4.3 WTS Power Erotection System 


5. 4. 3,1 Functioa-Descrip.tion 


The WTS Power Protection System contains two identical circuit breakers, one 
used as the Generator Circuit Breaker (GCB) i^ located along with protective 
Generator Accessory Unit (GAU). The second circuit breaker is 
enclosed switchgear identified as the Bu 5 Tie 
Contactor Unit (BTCU). The BTCU also contains metering, synchronizing and 
over/under frequency relays. «-mum^uiy <xua 


15 scheme IS as follows: The GCB is manually closed and opened 

tie. contactor is closed by the Nacelle Control 
conjunction with the synchronizing relays and opened by 
the NCU working in conjunction with protective relaying. ^ 

5. 4. 3. 1.1 Generator Circuit Breaker Operation 

I5f (^G) close coil is energized by the application of 48 VDC through 

combination of the GCB close switch {located on GAU front panel) and 
a normally closed part of GC8 tripp.ing relay (86G) contacts. 


f 


The GCB relay (52G) trip coil is energized by the application of 48 VDC through 
a normally open set of GCB tripping relay (86G) contacts. The GCB tripping rX 
(86G) is energized by any of the following (GAU located) relays: ^ ^ ^ 


Reverse Power Relay (32) 

Loss of Excitation Relay (40) 

Overcurrent Relay with voltage restraint (50/51V 
AC Time Overcurrent Relay (51) 

Power Factor Relay (55) 

Ground Fault Relay (64) 

Differential Current Relay (878) 

(Number in parenthesis are ANSI device designators) 
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5. 4. 3. 1.2 Hus Tie Contactor Operation 

The bus tie contactor {S2BT) closing coil is energized by the application of 
48VDC through the series combination of normally open contacts of the foil owing 
(13TCU located) relays: 

Phase Sequence Relay (47) 

Synchronizing Relay (2S) 

Synchronizing Check Relay (25CK) 

Synchronizing voltage from the generator requires field excitation which is 
provided by energizing the field current relay (41) with the field enable signal 
from the NCU through the series combination of a thermostat and a normally 
closed set of contacts on the GCB tripping relay (86G). 

The synchronizing relay (25) and synchronizing check relay (25CK) are enabled 
when the sync enable relay (43S) is energized by a sync enable signal from the 
NCU > 

The bus tie contactor (52BT) trip coil is energized by the application of 48 VDC 
through a pair of normally closed contacts- in the bus tie contactor tripping 
relay (94BT) whenever the NCU energizes the 94 BT relay. The NCU will provide a 
shutdown signal and energize the bus tie contactor tripping relay (94 BT) when 
either the under frequency relay (81-1) or the over frequency relay (81-2) apply 
48VDC to energize the auxiliary relay (94X) or any one of the three (one for 
each phase) utility voltage present relays (36V) detect loss of utility voltage. 
The NCU will also provide a shutdown signal and energize the bus tie contactor 
tripping relay whenever the generator winding over temperature relay (49G), the 
generator bearing over temperature relay (38H), the generator bearing under- 
temperature relay (38L) or the AC time overcurrent relay (51) detect 
out-of-tolerance conditions. 

5. 4. 3. 2 Relay Set Points 

Reverse Power Relay (32) GE type 12 ICW 51A13A 

Tap: 44 watts secondary, 70 KW primary (CT ratio of 80, PT ratio of 20) 

Time Dial : 10 

Seal in Tap: 2.0 Amps 

Loss of Excitation Relay (40) GE Type 12 CEH 51A4A 

Seal In Tap: 2 
Off-Set: 3 ohms 
Restraint: 12% 

Input: 99% 

Generator Winding Overtemperature Relay (49G) GE Type 12 IRT 53C2A 

Seal-In Tap: 0.2 Amps 
Time Dial : 2 

Temperature Dial: 132®C 
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Overcurront Relay with Voltage Constraints (50/51V) 

Seal-ln Tap: 2.0 amps 

Time Dial : 5 

Tap: 5 amps (200 primary) 

Instantaneous Trip: 6.16 t0,03 amp (493 amps primary) 

Time Oveixurrent relay (51) GE Type 12IAC51A802A 

Seal -In Tap: 0.2 amps 
Time Dial: 1 

Tap: 5 amps (4Q0A primary) 

Power Factor Relay (55) GE Type IC3655A100A 

Power Factor Dial: 0.7 
Time Delay: 1 sec. 

Ground Fault Relay (64) GE Type 12IAV51D2A 

Seal-In Tap: 2.0 amps 

Time Dial : 1 

Coil Tap: 10 volts 

Differential Current Relay (87) GE Type 12CFD22A1A 
Target: 1 amp 

Min. Diff. Current: 0.2 amp 
Voltage Present Relay (36V) GE Type 12 HMA llBll 
No set points 

Phase Sequence relay (47) GE Type 12ICR51A1A 
Time Dial : 2 


Over/Under Frequency Relays (81-1, 81-2) GE Type 12 IJF 42A4A 

Under Frequency: 59.50 to 59.55 Hz 

Over Frequency: 60.45 to 60.50 Hz 

Time to Close: 1.0 ±0.1 sec. 

Synchronizing Relay (25) Beckwith M-0193A 


Upper Voltage Limit: 127.7 ±0.4 VAC (4424V L-L or +6.2%) 
Lower Voltage Limit: 114.5 ±0.4 VAC (3966V L=L or -4.6%) 
ly Limit: 5.0 ±0.5V AC (Multiplier - XI) 

S Limit: 0.15 ±0.02 Hz (dial set to 0.015, multiplier - 


10) 


Breaker Closing time: 120 MS, Jumper between Terminal TB #12 & 20 
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Synchronizer Chock Relay {?5 CK) Heckwith M-Ulfi8 

JJppt'r Voltage Umit: VI] .1 ±qa VAC (4424V L-L or +6 2‘/>l 
lowr VolUgo l.lnitt; 114.5 lu.4 VAC (3966V L-L or -4M 
4V 4 40.3 Volt (dial sot to 1, represents 140 volt L-L diffl 

Phase Ang c Limit: /.b» .dial set to 6 mufti pi er ‘ x f?J) 
linio: Dial set CCW stop ^ ' 

S.4.sl.3 WTS Power Protection System Performance 

and IS able to handle power swings with no difficulty Exam-[naf?rm nf 
protection system design after a%ar of ^ration indicate? tw^aJe^ Thl. 
redundancies exist, the power factor relay and the loss of excitation relay Thia 
facL^refav^Jai^h basically performs the same function; hence, the ^ower^ 

breaker to assume all functions now performed by the generator circuit breaker. 
5. 4. 3. 4 Station Service Electrical Protection 

The 4160V/460V station service transformer is protected bv 4C)A fu<?pc AHHit<nnai 
120V panels! P>"ot®ction is provided by circuit breakers in the 460V, 208V and 


5.4.4 Synchronization System 

5. 4. 4.1 Synchronization System Components 

The synchronization system includes the following: 

Generator Shaft Speed Control 

Synchronizing Relays 

Bus Tie Contactor (ciruit breaker) 


5. 4. 4. 2 Functional Description 


The generator shaft speed is 
NCU. A control loop compares 
representing the pulse count 
system is by design somewhat 
torque and the windup/unwind 


controlled by the rotor pitch control system of the 
pulses generated by the shaft encoder with a constant 
for synchronous speed (1800 rpm). The speed control 
coarse, since it deals with transients in input 
of the soft (quill) coupling shaft. 


\ 
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to a speId‘Sf 17!frpm?‘''wilen^thrrotoJ'rca^hcs™irii^^^^^^ the‘“u’h“''°t'''f ™‘“'' 

enable relay (43S) which enables the svnchroSlJpp which latches a synch 

check relay (25CK). The synchronizer relav ? 2 sf wni the synchronizer 

If the generator output terminal and the ijtiiitu^hi! tie contactor 

ences are within the set points' oJovidL and frequency differ- 

been enabled. The synchronized check refav^IpfiCkrinp?^^®! check relay (25CK) has 
the generator voltage and thfutllltv buf difference between 
them. If the voltage and phaL d fSence/^ S® ‘between 

for the time setpoint thrMck^^fH « thin the 25 CK relay setpoints 
the synchronizer relay (25). The setpoints closure to enable 

synchronizer check relay (25CK) are listed 1^ Sectlors^'J!?!^®'" 

5. 4. 4. 3 Synchronization System Performance 

ed\\cTs?S*o"l «'th respect to syechront- 

control generator voltaoe* and Sn synchronizing relays to 

from the synchronizer check relay ?25CK1 tn error feedback signal is sent 

generator Voltage regulator and iwe ^fLor ?SntrL?!f The 

generator voltage. A closed lonn controller are used to control the 

synchronize better than the existina Q2ctf"*"°h system would probably 

occur. Howeverrthe ex?sting svs^ volUge 

inrush current. The soft (Lifll sh^ft satisfactorily with minimal 

phase errors. Futurl improvemells should '^"^em tolerant to 

speed feedback control if found desirabfe by perf™iaS« a^lysiL*' ^ 

5,4.5 Slip Rings 
5, 4. 5,1 Yaw Slip Rings 

The WTS electrical power system contains a yaw slip ring assembly which contains: 

6 High voltage rings - rated 5,000 VAC 650 amps 

3 Low power rings - rated 600 VAC 200 amps ^ 

4 Low power rings - rated 125 VDC 25 amps 

11 Command and control rings - rated 600 VAC 5 amps 
101 Signal rings - rated 300 VAC 5 amps ^ 

ImlTt ?JJ?de«r '■<"9* •■^ve functioned well 

5, 4. 5, 2 Rotor Slip Rings 

The^^S electrical power system contains a .otor slip ring assembly which con- 

I Power rings - rated 600 VAC 25 amps 

5 Power rings - rated 600 VAC 5 amps 

sn control rings - rated 600 VAC 5 amps 

50 Signal rings - rated 300 VAC 5 amps ^ 
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h(? I'ol.o)' ^jj|) li.ivf .1 <1 i , line lor oj apiirox im.ii.o I y u, iiulios. Ihc? oxistiiuj 

fosifjti has a '.|)lil i i ni) . lliorc' li.ivc hooti l.wo |irol) t fi'', with l.ho oxistirK) doriicin. A 
wtt'o hoar I ti(| rot, It nor Lriliwi ,iik 1 har. hot'ii repl.Hoit wt lit ,i pmichofl hra'^s ball 
soparator. All units aro hotii(| rotrofi itt-.l wi Ih tho now soparators . Iho socoiul 
rntur '.Up nti.) prol.loiii involves oxro>.<,ivo hi ush wear whidi has boon attributed to 
tho split riny do;,iijn ,wul tho lousli iiiatot'ial. 

Any fiituro MOD w' WIS will use one ptoce rotor slip nnqs with spares of the split 
ting design to (ariiitato rep 1 at. oiiient in tho field ii necessary. The brush block 
wear problem ts beim) resolved by rcplacincj all existin«j («U':. silver, ?.U% carbon) 
brushes with new brushes made of /!r„ silver, ?.{]. carbon, and b7, molybdenum 
disulphide. '' 

5.4.5 Utility Interface 

The WTS electrical power system delivers 2.5 MW of three phase, 60 Hz 0.8 to 1.0 
powei factor, power at 12.5 KV to a utility interlace point at fused disconnect 
switches enclosed in the WFS 4160 volt delta/12.5 KV Y connected power output 
transfonner. Power is transmitted from the utility interface point via direct 
buned 12. b KV IIRI) caMd to the UPA sobsution tor transformation to 69 S Md 
Wheeling over a 69 KV Klickitat County PUD transmission line to the northwest 
power grid. The WTS electrical power system is designed and adjusted to operate at 
unity power factor. It is also designed to operate with low (107 wind turbine 
generation) penetration. WTS units have operated with isolated loads with good 
frequency control Itut could not support the VARS so shutdown occurred. The WTS 
electrical power system could be modified to enable WTS to operate with isolated 
oads The harmonic content of power provided by WlS electrical power system is 
typical for generating systems employing synchronous machines. 

5.5 UPfRATIONS AND M/M NTlNANCf FXPhRI KNCf 
5.5.1 Opoirations 

Unit was first synchronized to the liPA power grid on December 22, 1980. Units 2 
and 3 were synchronized on line April /, 1981, and May 19, 1981 respectively, 
since Unit ?a was put into service, the three units have produced over 3 000 

S.STL I'oufs nf operation. The perfornance 

ir, • 1 .1 T' . 5-3 and detailed since October 

1981 in Tables j- 4 through 5-6. Operating time history is shown in Figure 5-46. 
Operating time records are shown in Figure 5-3A. 

The accumulation of operating time on tho machines has been hampered by equip- 
meft failures and the need to make modifications and special tests due to the 
developmental nature of the units. The primary causes of downtime and the 
resulting changes to the system are discussed in tiu' following sections. 
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Table S-3. Operating Experience 1/1/83 - 10/3/82 



WTS unit j 

No.l 

No,2- 

No.3 

Cumulative 

Hours of operation 

717 

1,089 

1,288 

3,094 

Energy generated (kWh) 

747,300 

1,278,800 

1,401,800 

3,427,900- 

Adjusted availability 

0.71 

0.79 

0.83 

0.78 

Maximum operating winds (mph) 

SO 

50 

SO 



Table 5-3A. Operating Records (1/1/81 - 10/3/82) 


By unit 

Longest 
continuous 
run . 

Max operating 
time between 
fault shutdowns 

Clock time 

between 

fault shutdowns 

Unit 1 

32.3 hours 

81 .0 hours 

289 hours 

Unit 2 

29.9 

45.0 

106 

Unit 3 

36.5 

77.0 

226 

For two-units 

27.0 

50.0 

137 

For three units 

13.0 

25.0 

47 


t - 


The primary cause of -downtime was the overspeed Incident which occurred June 8, 
1982 on Unit 1. This Incident destroyed the generator and quill shaft on unit #1. 
Units #2 and #3 were shut down until the cause of the problem was found and 
corrected. As a result, there was no machine operation from June 8, 1981 to 
October 20, 1981 when unit #3 was brought back on line. Units #2 and #1 were 
returned to service November 11, 1981 and April 17, 1982, respectively. To 
minimize the potential for another overspeed Incident, operations of units #2 and 
#3 were initially restr1cted..to require an operator In the base of the tower 
whenever the units were operating. This significantly reduced operating time until 
three shift coverage was provided at the site. In addition, system checks were 
required at the start of each day which further reduced operating time. The 
overspeed Incident recovery plan calls for the turbines to be phased Into 
completely unattended operation as confidence Is gained In the protection systems. 
As part of this process, the requirement for an operator In each tower has been 
replaced with a requirement for a person at the site to monitor the data as the 
machines run, and the frequency of safety system checks has been reduced. 
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Figure 6A6. Operating Time 
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Table 5-4. Performance Summary WTS Number 1 










PLANT 

WTS AYAH.. 

ADJUSTED NTS 

1 


SYNC HRS 

HH KRS 

Ava MW 

(£> FACTOR 



AVAIL. 




YEAR 


tear 


YEAR 


YEAR 


TEAR 


YEAA 


PERIOD 

PERIOD 

TO 

PERIOD 

TO 

PERIOD 

TO 

PERIOD 

TO 

PERIOO 

TO 

PERIOO 

TO 

REMARKS 



DATE 


DATE 


DATE 


OATE 


DATE 


OATE 


04/17/82 • 04/23/82 

13.4 

13.4 

16.4 

16.4 

1.19- 

1.19 

.071 

.071 

.38 

.38 

.57 

.57 


0 S/03/82 - 05/09/82 

22.3 

35.7 

21.9 

38.3 

.98 

1.07 

.209 

.095 

.36 

.37 

.81 

.65 


05/10/82 • 05/16/82 

48.3 

87.2 

47.4 

84.6 

.98 

1.02 

.192 

.132 

.85 

.54 

.94 

.78 


05/17/82 - 05/23/82 

60.6 

147.8 

76.8 

161.4 

1.27 

1.09 

.210 

.159 

.84 

.65 

.97 

.86 


05/24/82 - 05/30-82 

0 

147.8 

0 

161 .4 

0 

1.09 

Q 

.149 

.29 

.53 

1.00 

.87 


05/31/82 • 06/06/82 

8.8 

156.6 

12.3 

i73.7 

1.4 

l.ll 

.27 

.156 

.16 

.49 

.93 

.87 


06/07/82 • 06/13/82 

24.7 

181 

24.5 

198 

1.0 

1.1 

.1 

.15 

.56 

.51 

.85 

.87 


06/14/82 - 06/20/82 

0 

181 

0 

198 

0 

1.1 

0 

.13 

0 

.46 

0 

.74 


06/21/82 • 06/27/82 

0 

181 

0 

198 

0 

1.1 

0 

.11 

0 

.42 

0 

.65 


06/28/82 • 07/04/82 

0 

181 

0 

198 

0 

l.l 

0 

.10 

0 

.40 

0 

.60 


07/05/82 - 07/11/82 

8.1 

189 

10.0 

208 

1.2 

1.1 

.08 

.10 

.47 

.41 

.65 

.61 


07/12/82 - 07/18/82 

53.8 

243 

71.3 

279 

1.3 

1.1 

.23 

.12 

.83 

.45 

.88 

.65 


07/19/82 - 07/25/82 

39.5 

283 

50.3 

333 

1.3 

1.2 

.23 

.13 

.77 

.48 

.96 

.68 


07/26/82 - 06/01/82 

61.2 

344 

70 

400 

l.l 

1.2 

.20 

.14 

.89 

.51 

.89 

.70 


08/02/82 - 08/08/82 

26.6 

370 

17.2 

417 

.6 

1.1 

.07 

.13 

.78 

.53 

.82 

.71 


08/09/82 - 08/15/82 

77.0 

447 

83.5 

500 

1.1 

1.1 

.26 

.14 

.89 

.56 

.99 

.74 


08/16/82 - 08/22/82 

13.7 

461 

11.8 

512 

.9 

1.1 

.04 

.14 

.50 

.56 

.97 

.75 


08/23/82 - 08/29/82 

0 

461 

0 

$12 

0 

1.1 

0 

.13 

0 

.52 

0 

.73 


08/30/82 - 09/05/82 

7.9 

469 

8.8 

521 

l.l 

1.1 

.04 

.12 

.33 

.51 

.34 

.71 


09/06/82 - 09/12/82 

11.2 

480 

10. 5 

532 

.9 

1.1 

.03 

.11 

.20 

.49 

.28 

.68 


09/13/82 - 09/19/82 

0 

480 

0 

532 

0 

1.1 

0 

.11 

0 

.48 

0 

.68 


09/20/82 - 09/26/82 

4.2 

485 

5.0 

537 

1.2 

1.1 

.11 

.11 

.17 

.47 

.74 

.68 


09/27/82 - 10/03/82 

84.1 

569 

111.3 

648 

1.3 

1.1 

.35 

.13 

.93 

.50 

.99 

.70 


TotAl tinct 

651 

747 

1. 


.11 


.51 

.71 


caapletlon 

















HW/PEPIOO 

t • PtRIOO TIW B>- PLMT factor 2.5 i (P-HoO) P - «0 - l«T 

P . HDD 

MNT • WINTCNAHCT TIME 

H}D • nOOIFtCATION AND PREPARATION n.^ P . H)D - >MT 
FOR SPECIAL TEST TIME P 
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Table 6 5. Performance^mmary WTS Number 2 


STHC HRS 

YEM 

PERIOD TO 
DATE 


I'TS AVAIL. ADJUSTED HTS 
*W HRS AVS )W FACTOR (£> g> AVAIL. ££> | 

TE« Wear TTIar [year 

TO PERIOD TO PERIOD TO PERIOD TO PERIOD TO 

0*TE date DATE DATE DATE 


11 / 04/81 - 11 / 06/81 0 

tl / DS /81 - 11 / 14/81 9 , 

11 / 15/81 - n / 20/81 6 . 

11 / 21/81 . 11 / 27/81 

11 / 30/81 . 12 / 04/81 10 

12 / 05/81 - 12 / 11/81 
12 / 14/81 - 12 / 18 / 81 1 
12 / 21/81 . 12 / 25/81 12 . 

12 / 26/81 - 01 / 01/82 
01 / 04/82 • 01 / 08/82 4 . 

01 / 11/82 - 01 / 15/82 
01 / 16/82 - 01 / 22/82 
01 / 23/82 - 01 / 29/82 
01 / 30/82 - 02 / 05/82 
02 / 06/82 - 02 / 12/82 
02 / 13/82 . 02 / 19/82 
02 / 20/82 - 02 / 26/82 
02 / 27/82 - 03 / 05/82 
03 / 06/82 - 03 / 12/82 
03 / 13/82 - 03 / 19/82 
03 / 20/82 . 03 / 26/82 
03 / 27/82 • 04 / 02/82 
04 / 03/82 - 04 / 09/82 
04 / 10/82 - 04 / 16/82 
04 / 17/82 - 04 / 23/82 72.4 
04 / 24/82 - 05 / 02/82 55 .) 
05 / 03/82 ' 05 / 09/82 58.1 
05 / 10/82 - 05 / 16/82 73.0 
05 / 17/82 - 05 / 23/82 66.0 
05 / 24/82 - 05 / 30/82 44.3 
05 / 31/82 • 06 / 06/82 0 

06 / 07/82 - 06 / 13/82 31.9 
06 / 14/82 - 05 / 20/82 16.7 
06 / 21/82 - 06 / 27/82 11.0 
36 / 28/82 - 07 / 04/82 0 

37 / 05/82 - 07 / 11/82 0 

> 7 / 12/82 - 07 / 18/82 0 

17 / 19/82 - 07 / 25/82 0 

17 / 26/82 - 08 / 01/82 0 

18 / 02/82 - 08 / 08/82 47.9 
18 / 09/82 - 08 / 15/82 67.8 
18 / 16/82 - 08 / 22/82 22.6 
18 / 23/82 . 08 / 29/82 13.8 
18 / 30/82 - 09 / 05/82 41.8 
19 / 06/82 - 09 / 12/82 62.8 
9 / 13/82 - 09 / 19/82 21.6 
9 / 20/82 - 09 / 26/82 10. 0 
9 / 27/82 - 10 / 03/82 .9 


• PERin TIIC 

• HAINTEWNCE TIME 

• WDIFICAhON AND PREPARATION 

FOR SPECIAL TEST TIME 



_ NW/PERtOO 

PLANT FACTOR • 7 . 5 > IP-H OOl 


P • NOD - 19(T 


P-J41D - 1«T 


P 
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5TNC HRS 

W HRS 

Ava m 

PLANT 

factored- 

UTS AVAIL. 

AOOUSTED MTS 
AVAIL. 0C» 


■ 

PERIOD 

PERIOD 

TEAR 

TO 

DATE 

PERIOD 

YEAH 

TO 

DATE 

'ERIOO 

YEAR 

TO 

DATE 

PERIOD 

YEAR 

TO 

DATE 

PERIOD 

YEAR 

TO 

DATE 

PCRtOO 

YEAR 

TO 

DATE 

REMARKS 


Hours - 43 

6 

24.0 

4,9 

28.6 

.82 

1.19 

.06 

.08 

.64 

.68 

.79 

.79 



n/apjn] - u/ 06 /fll 
Hours » 42.5 

1.5 

25.5 

1.3 

29.9 

.87 

1.17 

.02 

.07 

.52 

.64 

.60 

.79 



11/09/Bl - n/M/JI 
Hour? - 67.5 

10.5 

36.0 

15.5 

45.4 

1.48 

1.26 

.11 

.08 

.67 

.65 

.81 

.80 



II/15/RI • ii.'ro/;’! 
Kours ' 

. / 5 


27.3 

72.7 

1.20 

1.24 

.15 

.10 

.88 

.70 

.96 

.84 



1I/2WBI - 
Hours ’ -W 

24.5 

83.25 

22.3 

95.0 

.91 

1.14 

.19 

.11 

.96 

.73 

1.00 

.86 

3 day period due to 
Thanksgiving Break. 

i 

n/30/81 - 17/04/81 

Hours » 72.5 

15.5 

98.75 

22.4 

117.4 

1.45 

1.19 

.19 

.12 

.27 

.66 

.41 

.81 

Actuator Seal Leak 


t2/!j5/8l ■ 12/11/81 
Hours » 44 

0 

98.75 

0 

117.4 

0 ■ 

1.19 

0 

.11 

0 

.61 

0 

,75 

Actuator Seal Leak 


12/14/81 ■ 12/18/81 

0 

98.75 

0 

117.4 

0 

1.19 

0 

.11 

.36 

.59 

.36 

.72 



■r/71,81 U/;5/31 

11.75 

no. 5 

12.8 

130.2 

1.09 

1.18 

.19 

.11 

.85 

.60 

.96 

.73 

3 day period due to 
Christmas Break. 


I2.'2a/81 - 01/01/82 


NO 

activity oue 

TO CHRISTMAS BREAK 






01/04/82 - 01/08/82 

0 

0 

0 

0 

0 

0 

0 

0 

.18 

.18 

.68 

.68 

Teeter Brake Teat 


Ol/il/62 - 31/15/82 

0 

0 

0 

0 

0 

0 

0 

0 

0 

.08 

0 

.22 

Taetar Brake Test 
Servo Valve Change 


01/16/82 - 01/22/82 

0 

0 

0 

0 

0 

0 

0 

0 

.48 

.23 

.63 

.44 



0W33/32 - 01/25/82 

04.3 

24.3 

35.1 

35.1 

1.44 

1.44 

.23 

.111 

.55 

.34 

.66 

.55 

Corrected VTO Riant 
Factor 2/9/82 


0i. .in/82 - 02/05/82 

n.85 

36.15 

19.7 

54.8 

1.66 

1.52 

.295 

.143 

.29 

.33 

.66 

.57 


V 

02/06/82 - 02/12/82 

0 

36.15 

0 

54.8 

0 

1.52 

0 

.132 

0 

.26 

0 

.53 



.'2/13/82 - 02/19/82 

0 

36.15 

0 

54.8 

0 

1.57 

0 

.117 

0 

.24 

0 

.50 



20/82 - 02/26/82 

3.4 

39.55 

5.74 

60.54 

1.69 

1.53 

.39 

.099 

.58 

.31 

.98 

.60 



02 f 27 fft2 - 03/05/82 

38.45 

’8.0 

41.06 

101.6 

1.07 

1.30 

.25 

.107 

.82 

.43 

.86 

.69 



03/S6/er - J3/U,'-J2 

44.41 

122.41 

63.0 

164.6 

1.42 

1.34 

.22 

.129 

.77 

.49 

.82 

,73 


. , 

■ 33.19/8^ 

15-25 

168.66 

44.1 

208.7 

.97 

1.24 

.13 

.129 

.62 

.51 

.76 

.73 



.;l/20/82 - 03/26/82 

30.90 

199.56 

44.0 

252.7 

1.42 

1.26 

.29 

.145 

.35 

.49 

.64 

.73 



j3'2.V82 - G4/02/82 

30.20 

229.76 

36.1 

288.8 

1.20 

1.26 

.09 

.135 

.72 

.52 

.72 

.73 


V 

04/03/82 - 04/09/82 

57.90 

287.66 

61.8 

350.6 

1,07 

1.22 

.154 

.138 

.88 

.56 

.90 

.76 



04/10/82 - 04/16/82 

35.30 

322.96 

29.8 

80.41 

.84 

1.18 

.130 

.138 

.61 

.57 

.74 

.76 


-- 

j 01 ■*■*?. ■i/23/ii2 

61.1 

384.1 

73.5 

453.9 

1.20 

1.18 

.192 

.144 

.70 

.58 

.76 

.76 



02/82 

56-6 

440.7 

61.8 

515.7 

1.09 

1.17 

.152 

.145 

.71 

.59 

.94 

.78 



:. ■! ' 

-;6.9 

497.6 

75.6 

591.3 

1.33 

1.19 

.275 

.154 

-4? 

.58 

,94 

.79 



. '4 Hi* 

t'9.5 

570.5 

75.9 

672.3 

1.09 

1.18 

.198 

.158 

.82 

.60 

.92 

.80 





520.6 

65.5 

737.8 

1.31 

1.19 

.188 

.162 

.65 

.61 

.78 

.80 



I35.:i :,- . .. .2 

■) 

620.5 

0 

737.8 

0 

1.19 

0 

.161 

.16 

.60 

1.00 

.80 



05-31/3" - 96/.'« 

) 

62C.6 

0 

737,8 

0 

1.19 

0 

.161 

0 

.58 

0 

.80 



-16."" '92 - i'5/i3.'32i 3 

620.6 

0 

737.8 

0 

1.19 

0 

.16 

0 

.57 

0 

.79 



Ot.. l4 -e2 * 06 '20/82 

0 

620.6 

0 

737.8 

- 

1.19 

. 

.16 

0 

.55 

. 

.79 


' 

06/2U82 - 06/27/82 

0 

620.6 

0 

737.8 

0 

1.19 

0 

.16 

0 

.54 

0 

.79 



06/28/82 - 07/04/82 

0 

620.6 

0 

737.8 

- 

1.19 

- 

.16 

0 

.53 

. 

.79 



07,-05/82 - 07/U/82 

8.5 

629 

12.2 

750 

1.4 

1.2 

.22 

.16 

.38 

.53 

1.00 

.79 



07/12/82 - 07/18/82 

54.7 

684 

64.6 

815 

1.2 

1.2 

.23 

.16 

.82 

.54 

.94 

.80 


SE: - 

07/19/62 . 07/25/82 

26.3 

710 

29.7 

844 

1.1 

1.2 

.13 

.16 

.87 

.55 

.96 

.81 


^ V. 

07.'26/82 - 08/01/82 

41.3 

751 

53.7 

898 

1.3 

1.2 

.16 

.16 

.85 

.56 

.88 

.81 



08/02/82 - 08/08/8? 

63.5 

815 

64.0 

962 

l.O 

1.2 

.21 

.16 

.79 

.57 

.93 

.82 



08/09/82 - 08/15/82 

77.3 

892 

91.0 

1053 

1.2 

1.2 

.29 

.17 

.84 

.59 

.96 

.83 



Ofi/l6/8? - 08/22/82 

22.0 

914 

12.2 

1065 

.6 

1.2 

.04 

.16 

.62 

.59 

1.00 

.63 



-•f'.-JJ '3i.' - 08/29/82 

12.2 

926 

16.0 

1081 

1.3 

1.2 

.05 

.16 

.33 

.58 

.87 

.83 



30/02 - 09/05/82 

28/2 

955 

26.9 

1108 

1.0 

1.2 

.10 

.16 

.75 

.58 

.86 

.83 



)->'05/«2 - 09fl2m 

54.4 

1009 

66.9 

1174 

1.2 

1.2 

.19 

.16 

.69 

.59 

.96 

.84 



79-13/82 . 09/19/82 

20.9 

1030 

22.4 

1196 

1.1 

1.2 

.09 

.16 

.88 

.59 

.91 

.84 



09/20/82 - 09/26/82 

2.3 

1032 

.8 

1197 

.3 

1.2 

.01 

.15 

.62 

.60 

I.OO 

.84 



09/27/82 - 10/03/82 

57.8 

1090 

74.4 

1272 

1.3 

1.2 

.31 

.16 

.77 

.60 

.99 

.85 



Total slnc» 
ccnplotlon 

1200 

1402 

1.2 

.15 

.60 

.83 





? • ptmoo time 

MNT > MIKTCMAIICE TIK 


HM/Peil)aO 

B>PL«t FACTOR • 2.b Jt (l>-K]D) P - WO - MNT 

~ P - wp — 


WO • WOlfICATIOR wo PREPARATION P - WO - WT 
FOR SPECIAI. TEST TIME »-> p 
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During the overspeed Incident Investigation, it was found that the life of the 
bolts in the rotor field joint at Station 360 was considerably shorter than 
predicted. This necessitated a change in -the bolts and the redesign of the joint. 
Unit #1 rotor field joint was rebuilt prior to being reinstalled after the 
overspeed incident, and the units #2 and #3 rotors were removed and rebuilt in 
June and July of 1982. Inspections, changes, and strain gage testing of selected 
bolts to preclude and correct failures have contributed significantly to system 
downtime. 


Hardware failiires are discussed in Section 5.3 and failures since resumption of- 
operations on November 1, 1981 are summarized in Table 5-7. The distribution of 
failuces between the various types of WTS components is shown In Figure. 5-47 and 
their relative contribution to downtime is shown in Figure 5-48. In addition to 
hardware failure; special tests, logistics problems, and utility outages all 
contributed to system downtime. Special tests are an ongoing part of the-wind 
energy development program and include accoustical and electromagnetic' 
Interference tests. A summary of these tesls__Ls^resented in Section 3.5. 
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Table 5-7. Maintenance Experience (Sheet 1} 


j MOBUH 

IPressurc regulator set 
I too low 


ITaulty relay 


lYaw prograimifng function 
land yaw pressure 
rexpected states* not 
Isynchronlaed In 
i sof twace . 

I 

iDefecttve fuse (fuse 
(holder that caused the 
(fuse to overheat) 

1 

(Reservoir slip ring 
(brush block 
I 

(Brush block worn (LSS 
(slip ring! due to arcing 
j caused by misalignment 

(Actuator gland seal 
(leaking on Blade 11 


I Faulty card cage and 
(connectors In A1 card 
( 

(Incorrect line drivers 
I provided 
1 

(Arcing between adjacent 
(rings due to accumula- 
(tlon of powdered 
I graphi te 


j Hissing wire between 
(^ 15 VDC Power Supply 
(and card cage of AZ 
(drawer 
( 

(Faulty A1 card 


(Bolts were not tightened 
(on installation 
( 

lOaoiagud 0-rlngs on 
(filters 


(Defective anemometer 


(Defective A1 card 
I 

(Faulty pump IP SR to be 
(held open until failure 
(report on pump received 
(from vendor 
( 

(Poor load distribution 
(paths and Insufficient 
(weld callout on drawing 

(Seal configuration and 
(materials Inadequate 

lAl card loose In drawer 


I FAULT' CBDEIT 

I FAILURE INDICATIOHS 

I 

[Gearbox pressure low 


Crack detection motor overload 
relay tripped 

Yaw oil pressure low 


Blown fuse A'5 drawer 


Pitch reservoir low Indication 


Hlcroprocessor getting false 
states on pitch system pressure 


Pitch oil level 


CRT stops updating 


CRT falls to update 


Pitch pump shuts down 


Longitudinal vibration Indication 


Yaw pump ON/OFF. Transients with 
system In STBY. 

Bolts loose. LSS forward bearing 
housing 

Hydraulic oil leak near high 
pressure filter and at bleed off 
val ves 

Hind speed anemometer reads half 
of true speed 

Intermittent HPU 

HPU pump noise on startup 


Aft wind sensor bracket weld area 
cracked 


Blade 11 actuator 


Gearbox pressure low Indication 


j ACTION tak en 

[Adjusted pressure regulator. Problem 
appears eliminated 

Relay replaced 

Software change. (DR's F>53, F-49) 


Replaced fuse. No recurrence In 30 
hours operation. 

Used spare contactor 


Replaced brush block. Cleaned con- 
tacts and rings with Isopryl alchol 
and soft brush. 

Blade 1 t 2. It serration Ouna-N 
seals replaced by Improved 6 serration 
VI ton seals 

Replaced A1 drawer and XAl xard 


Replaced A1 card and problem did not 
recur. 

Replaced brush block. Modified brush 
block to minimize graphite buildup. 
Initiated vendor testing of new brush 
block materials 


Installed missing wire 


Replaced card 


Retorqued bolts 


Replaced 0-r1ngs on filters and 
replaced valves. Valves examined at 
Boeing. No Indication of leakage 

Replaced anemometer. Sent to 
Seattle for Investigation (NCR 14201 


Replaced card 
Replaced pump 


Braces added to HTS 1,2, A3. Drawing 
revisions released to fix WIS 5, 


Replaced with Vlton 6 serration 
seals 

Repositioned connector holding 
screws to allow deeper seating of 
card 
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Table-5^. Maintenance Experience (Sheet 2} 


PROBLEM 


I 


ITemporary Miring 
I Installed for special 
I test 
1 

lUnspecIflcd 

I 

■Overpressure spike on 
■backside of disc Nhen 
■teeter brake valve opens 

I 

■HISMLred sensors 

I 

■ 


■Incorrect seals on 
■bearings 


■ 

■Pressure sag In rotor 
■brake hydraulic circuit 
■during yaw 

1 

■Bolts were probably not 
■torqued on Installation 

I 

■Overheated due to close 
■proximity to HCU 
■heaters 

■ 

■Solder connections on 
I less return valve will 
■not sustain loads 
I 

■Drag brake housing was 
■not adequately shimmed 
■on Installation 
■ 

■ 

■CRT keyboard contact 

■bounce 

■ 

(Teeter brake anunt 
■bolts falling 


I 

■ 

■Cycling of oil tenpera- 
Iture regulator causes 
■drop In pressure 

■ 


■Generator bearings 
■falling prematurely 


I rAuiTOHirs/ 

UNIT J FAILUljE INDICATIONS 


2.3 


T 

I 

■On-line failsafe tripped 

■ 

■ 

■Lube oil radiator leaking 


ACTION TAKEN 


2,3 iBrust disc ruptures 

■ 

■ 

■ 

2,3 (Vibration Indications 

■ 

■ 

■ 

■ 

■ 

2,3 (lsS bearing seal 

■ 


I 

2 (Rotor brake locked Indication 

■ 

■ 

■ 

■ 

3 lYaw parking brake 

I 

I 

2 |28 VDC power supply failed 

■ 

1 

2 HESS return valve Intermittently 

■causes blade position to wander 

) 

2,3 iTaw drag caliper ml sal Igned 

I 


T 

I 

■Removed wiring 

1 

I 

■Investigation Indicated leakage too 
jmlnor to require corrective action 

■Burst disc moved from vicinity of 
■teeter brake to reduce sensitivity 
■to teeter brake Induced pressure 
■spikes 

(Modified SW to instruct NCU to 
(Ignore vibration Indications when 
■In standby or lockdown unless three 
■Indications are given. Corrected 
■wiring associated uvlth sensors. 

I 

■Replaced fore and aft LSS bearing 
■seals on MTS 3 and forward bearing 
■seal on HTS 2 with longer seals. 
■Improved Installation Instructions, 
■other seals to be replaced as parts 
■become available. 

■ 

ISW change causes system to Ignore 
■temporary sags when rotor brake 

■ release occurs simultaneously with 
■yaw operation 

■ 

■Retorqued and subsequently monitored 
■weekly for one month with no Indlca- 
jtlon of further loosening. 

jHeat deflectors added to all units 
■by PRR 078 


■ T 

t 


■CRT In tower base does not 
■respond to command 

IF20SB - Pitch hydraulic pressure 
How due to sheared hydraulic 
(line. Excessive wear of brake 
■pads observed 

I 

IF20B2 > Gearbox oil pressure low 
■indications. Appears to be 
■related to temperature fluctua- 
■tions requiring bypassing or 
Icycling oil through the cooling 
Hoop 
I 
■ 

■ 

IF04B2 - Generator bearing tempera- 
Iture high Indication. OH leak 
■at aft generator bearing. Oil 
■discolored. 

■ 

■ 


jPRR 081 will replace with crimped 

■connections 

( 

I 

■Extensive testing has Indicated that 
■yaw drag brakes can be eliminated 
■from configuration with no loss of- 
Icapablllty 

■Replaced SIO on AS card 

■ 

■Testing underway to determine 
■feasibility of deleting teeter 
■brakes. Interim disposition 1$ to 
(disable teeter brakes and cap 
jhydrauHc lines (PRR-092). 

■Propose to reset pressure switches 
■and time delays to allow the system 
■time to recover from regulator 
■cycling. Propose to change software 
■so that shutdown Initiated by the 
■primary pressure switch It a self 
(clearing fault. Testing completed to 
jevaluate above. PRR-097 In progress. 

■Generator bearing lube system 
■determined to be Inadequate at very 
■low RPK during startup. New lube 
■configuration establlthed and tested 
■ by supplier. New lube oH selKted. 
■PRR-082 In progress. 


R. I 


I 
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mmuM 

Unknown 


Excessive wndr of 
slip ring brushes 


Control system over 
sensitive to gearbox 
oil level sensor 


Control system timing 
mismatch associated 
with failsafe tripped 
indication 

Bearing seals on LSS 
leaking 


Unknown 


Loose connection on 
power transducer 

Power instabilities 


SKf coupling slip ring 


Hydraulic oil drains 
from hydraulic pressure 
lines when rotor parked 
vertical 


Taw drive bolts loose 


ORfQINAl, PAGE f8 
OF POOR QUAUTY 

Table 6-7. Maintenance Experience {Sheet 3) 


fAiiiTCflnrv 

fAILUBE IWIICATKlK'. 


UNIT 


li2 fpollb - Pilch nyriraullc pressuri) 

luw indications near transition 
to speeil conlrul in startup, 

?,3 Spurious fault Indications, 

Accumulations of sliver graphite 
dust found in slip rings. Shorts 
caused by arcing of silver 
graphite dust, 

l,i!,3 F80BP - Gearbox oil level low 

indication, oil level OK 


Z,3 POBBS - failsafe tripped. Fail- 
safe is resetable at CRT when it 
should require a manual reset 
at the nacelle, 

7|3 Visual observation 


1,2,3 FBOBS - Generator circuit 

breaker open, no relay flags 
dropped 

3 F40B6 • 50% change in power Out- 

put, but power is steady 

1 F40B6 - 50% change in power out- 
put (power unreasonableness). 

2 B80B5 - Generator circuit 
breaker open, 

F80B6 - Overspeed indication 
(also associated with quill 
shaft coupling slippage). 

Power oscillations observable 
on power output data stripout. 


1 F8086 - Overspeed indications. 

Harks on coupling and quill 
shaft Indicate relative notion. 


3 F20B5 - Pitch hydraulic pressure 

low Indication prior to break- 
away 


2,3 Inspection 


ACIION TAKIJ. 

f ni|lriei>rlng analysis in progrnss, 
Inslrumentatlon to bn installed 
tu measure blade Command, 

Brush pressure reduced on replace- 
ment brushes. Hew brush material 
being tested by manufacturer, 
Homtoring brush block wear every 
loo hours. PHR-091 in progress. 

Control system modified to Insert 
a one second time delay In signal 
in order to avoid shutdowns for 
Intermittent oil level low indica- 
tions probably caused by noise in the 
control system. Testing underway to 
verify fix. 

Engineering analysis In progress. 


Outside seal on forward bearing 
modified to include third seal, 
Honitoring to verify fix. 

Engineering analysis in progress. 
Passible cause is incorrect setting 
|Of relay flag trip points. 

Tightened connection. 


Problem is related to operat'ng 
near the maxinum C„ curve at wind 
speeds close to the rated power 
transition point. Blade positions 
on the wrong side of the maximum Cn 
curve result in power oscillations. 
Temporary fix Is to operate off of 
the maximum Cp curve at the transi- 
tion. Software patch Implemented 
(DR-73}, Subsequent tests Indicate 
improvement. Engineering analysis 
in progress on final fix, 

Couping slips when subjected to the 
the power oscillations described 
above (MTS Z coupling does not 
slip under the same oscillations). 
MTS 1 restricted to operations in 
winds below 25 mph. SKF reps to 
inspect coupling and assist in 
development of final fix. 

Komal seepage through the pilot 
operated check valve and the 
teeter brake release valve drains 
the pressure line. During the 
initial stages of startup the 
control system detects low pitch 
pressure before the hydraulic 
pumps can pressurize the line. 
Software change to be incorporated 
which ignores the pitch pressure 
low indication until the blades 
achieve breakaway. 

Taw drive bolt torque checked at 
regular intervals. Engineering 
analysis in progress for final fix. 
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Table B-7. Maintenance Experience (Sheet 4) 


ORIGINAL 
OF POOR 


page » 
quality 


l 

1 PROBLEH 

r 

UNIT 

1 

1 

— CODES/ 

FAILURE INDICATIONS 

1 

1 ACTION TAKEN 

i 

1 

1 

lAIr 

— 
leaks In rotor 

2 

1 

IF2063 

- Blade cracked Indication 

1 

ISealant around the hydraulic line 

— 1 


Emrgency tccimlttor 
prechtrg* 1 s«king 


360 Joint holt i'ailures 


Rotor mldnont fUwt 
have boon detected 
which ere greeter then 
eUowabIc 


Gin pole becketey 
itructurel failure 


Unknown 


Hiring error In leteretl 
end longitudinal 
vibration Mnsort 


Data pcobleu- 


Wheel on operatlnel 
encoder wearing 
Mceatively 


NCU card cage does 
not grip card ucurely 
enough to eiturc good 
contact 


1.2. J 

2.3 

2.3 


With no detectable cracks 


F40B2 • Pitch emergency accumu- 
lator precharge low Indication. 


20 - 


Noise In rotor, 
found. - 


Broken bolt 


X-ray and dye penetrant 
InspKtIons. 


Structucal failure 


CRT recycles but does not print 
words on screen 

Spurious lateral or longitudinal 
vibration Indications 


Instrusientatlon data strlpouts 
indicate blade not latching. 

Ho blade tip dlffecentlal fault 
indications. 

F40B4 - Generator failed to 
synchronize. 


Spurious fault codes 


penetration through the station 
1246 rib found leaking. Sealant was 
reworked. Engineering analysis In 
progress to determine if due to 
sealant deterioration or— Initial 
Installation. 

Accumulator precharge monitored 
freguently. Investigation Initiated 
to determine source of leak. 

DoUs changed every iSO hours. 360 
Joint rework scheduled for units 2 and 
3 (PRR-0671. Bolt analysis Investi- 
gation continuing. Unit 1 bolts 
Instrumented to verify joint rework. 

Rework of unit 3 by manufacturer 
scheduled for S-28-82. Interim 
Inspection of unit 2 conducted on 
4-29. Unit 2 rework scheduled Joe. 
approximately 7-1. 

Backstay redesigned and retrofitted 
on unit 1. Untts 2 and 3 to be 
scheduled. 

Under Investigation 


System desensitized to Ignore 
vibration Indications for first 
.3 sec. to avoid shutdown due to 
noise In system. Longitudinal and 
latitudinal vibration sensors rewired 
per drawing correction. 


Data problem, 
normally. 


Latch operating 


Replaced operational encoder drive 
wheel with hardened wheel. Changed 
software to adjust speed control 
set point to optimize probability 
of F being in limits with room for 
wear- In of wheel. 


Spare card cage on order for HTS 3. 
Card ratal nars_ to be Incorporated 
In design. 


*GR I 
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Table 5-7. Maintenance Experience (Sheet S) 


OR/GINAL 
OF POOR 


page is 

quality 


„,_PRPJLEI5„ . T UH ! T . 

from sockets In A1 cardsi 
wear from repeated 
reeiovals/reinttallatlensl 


Surned brush block- 
contacts 

Durst discs rupture 


Defective lESS valve 


Blade does not 90 to 
feather 


Leak In yaw brake area 


Utility power voltage 
fluctuations greater 
than expected 

Failsafe encoder 


Defective chip In the 
XAt card 


2.3 


1.2.3 


"““TAOIT CM57 
FAILURE IHDICATI OMS 

XAl card exhibits Intermittent 
operation. 


F20B3 • Blade crack detected - 
no crack exists. 

F40BS - Pitch systcffl fault. 

F20B5 - Pitch hydraulic pressure 
low. 

Unable to reach breakaway - FB 
fuse In A-5 drawer blown. 

F80B4 - Blade tip differential 
Indication 


ACTION TAKEN 


Observation 


F40B4 • Generator failure to 
synchronize Indication after 


F20BB • RPH error Indication. 
Visual Inspection of coupling. 


Subsystem startups occur during 
NCU power-up sequence. Loss of 
manual control . 


Replacement XAI cards and extra 
spares on order. 


Changed brush blocks. 


Deleting burst disc. Installing 300 
p$1 relief valve (PRR-096). 


Replaced lESS valve. 

S-6-82. 

Problem found to be a piece of metal 
debris which shorted the pitch 
position potentiometer, Design change 
In process to add protective enclosure 
around potentiometer (PRR-094). 


Problem found to be leaking bleed 
plugs. Plugs replaced. 

Changed synchronizer aY to 4 voUs. 


Problem found to be enroder alignment. 
Couplings removed and replaced and 
encoders realigned. 


noved and replaced chip 13 on the 
' 1 card. 
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Spare parts shortages wore the primary logistics problem. While spare parts were 
generally available In Seattle, when parts wore needed at the site, a day was the 
minimum response time achievable. In March 1982, facilities for spares storage 
were obtained at the site. This greatly reduced the downtime associated with, 
lack of spares. In addition, there were failures where spares were not In the 
warehouse because they had never been ordered or had been used and a replacement 
had not arrived. One example of this was the actuator seal replacement on unit #3 
which required a weeks downtime while the actual task of seal replacement 
took two days. The spare actuator seals had been used on unit #l and replacements 
had- not arrived when needed. 

Utility outages also contributed to system downtime. While most outages were 
attributed to faults on the utility grid and/or scheduled maintenance of the 
line, several outages were caused by problems at the on-site substation. One of 
these resulted from a ground squirrel working its way Into the connection 
vault in the substation and causing a fault. A change to the design of the vault 
cesolved this problem. 

While there have been a considerable number of problems, much of the downtime has 
been associated with recurring problems for which fixes were not yet Implemented. 
Over 70% of the downtime results from recurring problems. As the causes of these 
failures are found and. resolved, the performance of the machines Is steadily 
Improving. This is discussed further in Section 5.5.3. 

5.5.2 Maintenance 

5. 5. 2.1 Maintenance Experience 

The maintenance actions accomplished at the site have ranged from major repairs of 
unit #1, (after the overspeed incident) to the sampling of hydraulic fluid as part 
of a scheduled two-month maintenance action. All required activities have been 
completed with no major problems encountered due to the elevated location of the 
nacelle or lack of adequate space for maintenance or repair. Transportation of 
tools and parts to the nacelle is easily accomplished by use of the tower manllft 
or a pulley and bucket system rigged in the tower. In addition, transportation of 
large or heavy items to and from the ground has been accomplished using the 
monorail mounted hoist through the aft nacelle door. 

The time required for maintenance tasks has generally been close to the estimated 
value. For example, changing an actuator seal required approximately 16 hours and 
three men.. The predicted requirement for this task was 16 hours and two men. While 
experience shows that three men will always be required for safe completion of this 
task, as a crew becomes experienced In the rigging and operation of the rotor 
access device it Is expected that the time required for the task will be 10 to 12 
hours. 

A typical example of a less major maintenance activity was replacement of an "0" 
ring In the yaw hydraulic system valve manifold. A similar activity was predicted 
to require 9 manhours for a mature system with experienced maintenance crew. The 
task actually required 13.5 manhours the first time It was done. Again, It Is 
reasonable to believe that the mature system prediction is achievable as experience 
Is gained by the crews. 
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One area where slynificantly more manhours are required than the prediction Is In- 
scheduled maintenance. The present documented requirements for scheduled 
maintenance are 270 manhours while the original maintenance analysis of mature 
production in large farms predicted 72 manhours. The tasks required are shown In 
lade j“ 0 . It is expected that as confidence 1s gained In the WTS subsystems the 
frequency of many of the scheduled actions will be reduced. In addition, as the 
design is matured, subsystems requiring excessive scheduled maintenance can be 
modified to reduce this requirement. The Impact of this Increased scheduled 
maintenance on system power output Is no-t as significant as an equal amount of 
unscheduled downtime because a large percentage of. the scheduled maintenance action 
can be completed during low w.ind periods. Experience at GoldendaTe has shown that 
activities can be scheduled around wind availability relatively easily. 

Data gathered during the disassembly of unit #1 following the overspeed further 
supports the accuracy of maintenance requirement estimates.. A comparison of the 
estimated and actual- times required for vaicious tasks Is shown in Figure 5-8A. 





Maintenance 

manhours 

Vime^|to &oyipIete 

Analysis 

estimate 

Actual 

experience 

Analysis- 

estimate 

Actual 

experience 

Prop fo*- rotor removal 

48 

60/64 

16 

16/16 

Rotor removal 

56 

88/88 

8 

8/8 

Prep for nacelle removal 

48 

30 

16 

8 

Nacelle removal 

72 

80 

8 

8 

Teeter bearing removal 

48 

60 

8 

24 

Tip separation from mid. 

64 

40 

16 

8 

Actuator seal change 

32 

48 

16 

16 

HPU "0” ring change 

9 

14 

6 

7 

Two month scheduled 

19 

24/32 

10 

11/13 

Six month scheduled 

32 

78/84 

20 

22/36 


Figure 5-49. Maintenance Time Comparisons 


5. 5, 2, 2 Special Maintenance Tools 

The special tools developed for MOD-2 maintenance are shown In Figure 5-50. Most 
of the tools specially designed for use on the wind turbine have been utilized as 
part of the WTS maintenance. This equipment has functioned well, particularly the 
rotor access device and drive train position and lock tools which have been used 
frequently. The rotor access device has been used for changing the actuator seals, 
Inspecting the tip area hydraulics, and inspecting the crack detection sealant. It 
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Table 5-8 Scheduled Maintenance Requirements Summary POOR 
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X 





53.2.23 
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X 




5.4.2.1 
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X 




6.4.2. 1 


•nvwt tip hvdriulia 



X 




6.4e2e1 


InipKt dp MrMl tctuFtor «nd lock mfchoniim 
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X 


X 


5.4.2. 1 
5.6.2J 
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X 

5.7.1.1 

Tmwi 
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X 
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X 




$ 2^.2 

L.8.S. 
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X 
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X 



1 
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X 
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X 






S.2.2.4 ’ 
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X 




54^.5 
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X 



5.S.2.t 
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X 






5.2.2.5 
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X 

X 





$.2.2.6/$ JJ.S 


Inipoet quin dtaft coupiint 

X 






S.2J.7 

Cttfbox 

ln«KVinm gurtex MumUitin 

X 



X 



S.2.2.a/S.SJ.3 


T«n Mrvtot gMrbox Igbt tviwn 

X 








CoMtaox vteial impactioi} 


X 







OoKtooa h*bt oil analvM 


X 





5.3.M0 


Qoar^ok miiof irnpaption 





X 


S.6J.1 


Tnt aidcoi pmsui* mo ttmp. tirruhv 




X 



$.SJ-1,’.2 j 

HAS 

Impact high ipaad ihifi eoupliag 

X 






2 

SJ.2.10 


Impact rotor braka 

X 






S.2^.12 

CtMr«tor 

Check (cntcfioi lube oil leiel 
Ten iraulilian iiclttence 
Qienga gmuitst lube oil, inipect/ciaw 
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X 

X 
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S.S 2.1 

CAU 
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Impact and aanriea GCB, o«trcurrcnt 



X 
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X 



B.5.2.4 
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X 
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X 






$.2.2.12 
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X 
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X 
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X 






6.2.2.12 
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X 
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X 




5.4.2.16 
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X 





6J.2.U 
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NCU 

Racalfbratt power tuppbai 


X 





622.15 


Tact fail Mft fvrtcni 

X 
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Nk«iii 

Inipact/iarvioa lira protoctlon tymm 

X 

X 

X 


X 


522.14/522.16 

Cm«r«l 

Impact and tact ventilation tyctvin 


X 





6.4.2.17/6.6.2.2 

6J.2.16 


Check operation of A/C warning lights 

X 






$22.14 
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X 




$4.2.17 
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X 
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• Rotor lock-assembly 

• Rotor positioner 

• Teeter positioner and lock assembly 

• Rotor access device (Spider staging) 

• Rotor tip positioner and lock assembly 

• Rotor tip removal set 

• Gearbox tool set 

• SKF coupling tool set 

• NCU field test unit (FTU) 

•Hydraulic oil sampling kit 


igure 5.50. Mod -2 Unique Main^nance Equipment 


drive train*^formaintenance. ^The^orlm h° secure the 

merit for each V/TS cluster it is now^fpit tiff ^ equip- 

Which they are uaed. this' equipment s^oJfd*l:ec‘™ran‘’?^i2^ra^'^:?^o^eL:*^ 

5. 5. 2. 3 Maintenance Manuals and Training 

?re“red‘tn5“s°?n 2Se ftJ"St^;e*aJc"f aT?llra??e“‘'lh‘'''^"'''?“ “> 

changes in system confiauration and tn < since been updated to reflect 

use. connguration. and to incorporate changes resulting from field 

c\^%™"«Jd“ted'?o^ to^elnfrLt' ™ihte„ance training 

systems, proper use of all unloup n«?nfonan^^ 1 ^ ‘'^’^^ipcion or all wind turbine 
operatlin^nd mc1n?eJance and^SSfia'L^fi “"ects of 

ma1^'Lln«';J"lhi"y'stemJ STell 

the units, thus supplementing the formal tralnlnrclass!^*”^ maintenance of 
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Table 5-9 Special Support Equipment 


Ref. no. 

Name 

Pair np, 

Bourea 

refirtnct 

R>1 

Rotor look 

auemMy 

03^49000B-1 

Boeing . . 

&1.1 

R2 

Rotor potitionar 

032490004-1 

Boeing 

8.1.1 

R<3 

Teeter petitioner 
and lock 

032490002-1 

Soeing 

8.1. 2 

R-4 

Rotor tip poei- 
Boner and lock 

032490009-1 

Boeing 

e.1.3 

R.B 

Rotor tip 
removal ttt 

032490003-1 

Boeing 

ai.4 

R-fl 

Koiating and 

See Appendix 

Boeing 

ai.B 


handling equip. 

A-4B 

(Beebe) 


R-7 

Retm aooau 

032490001-1 

Boeing 

a 1.6 


dtviea 


(Spi^r) 


R-B 

Gin pole 

See Appattdlx 
A44 

Boalru 

(N5.E.I 

ai.i 2 

0-1 

Gearbox tool 

See Appendix 

Boeing 

ai.B 


«t 

A-23 


0-2 

- SKF coupling 

Set Appendix 

Boeing 

ai.B 


tool tat 

A-21 



C-1 

NCU field tan 
unit 

032490010-1 

Boeing. 

ai.9 

M-1 

Dll tampilng kh 

032490011-1 

Boeing 

ai.7 

M-2 

Poruble air 


Avtilabit 

ai.li 


OompratMr 


loctflv 


M-3 

— Hydraulic lervloe 


AvailaMe 

ai.li 


kK 


localiy 


M4 

Nttrogm charging 


AvaHaUa 

ai.li 


kK 


locally 


M-B 

Portable 


Available 

ai.li 


ventilttor 


locally 


M-B 

Lubeiupport 


AvailaWa 

ai.li 


kK 


locally 


M-7 

Relay /breaker 


Purchaai 

ai.li 


mwittntoM tquip. 

locally 

M-8 

Mtinnnanci tqu^« 

Available 

ai.li 


eat, eieetrical 


toealty 

M-B 

General purpoet 


AvallaUt 



toolaet 


locally 


M-1U 

Comanienct equip. 

Available 



lladden, pomble 
llghii, portable 
hatter, atcj 


locally 


M-43 

Trandt 

— 

Available 

locally 

— 

M-14 

Servo enMy ter 

Model SA-2 

ACS 

hydraulia 

8.U4 

M-16 

Opbeal 


Avallablt 



ttchomattr 


ioealty 


M-1B 

Diet Indieator 


Available 

- 


Us. 

Potitiva lock of rotor/drivt iriin 
during mclnttncnec 
To minutllY route ind potitlon 
rotor/drlvi train 

Manuilly poiltion tnd Mcurc rotor 
In tHMr ixlt 

Minudly poiitioit indjcourt blade 
tip 

Blede tipjceplecement 

Component removal and inini- 
latfon 

Iniptction/inaintenanct of rotor 
aoembly 

Rotor removal and inauilation 
Qeartrox repair 

Aitadt/detadvlSS aft coupling 

Teet ettd trouUeihoot NCU micro- 
proeaitor membly 

Draw pitch hydraulic oil tample 
Provide comptaned air lourca 

Drain, purge and refill pitch or yaw 
hydraulic lynamt 

Recharging hydraulic accumulaton 

Provide vendlation while working 
iniide rotor 

Servicing lube oil in ggarbox, 

LSS bearing! and generator 

Servicing GE reiayt and breaker 


localiy 


Troubinhooting and repair of elec- 
trical/control lyttamt 
General maintanence 


— — - General ute during malnnnince — 


Aligning wind unior to nacelle 
heading 

Tatting pitch icrvo valve 

Troublethooiing RPM encoder 
lytteml 

General uw inmaintenanca 


See referettce 4. 
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Availability of the MOD-2 units has been tracked to assist In evaluating machine 
performance. Two methods of computing avallabity have been used. The first presents 
the percentage of the lime the turbine could have operated If wind and crews were 
available. It Is computed using the equation: 

A « Period time - Downtime where 
Period Time 

Period time Is all time that operators were available to monitor the machines and 
downtime 1^ any time the machines were not capable of operating during the period. 
There are three categories of downtime: These are maintenance, modifications and 
special tests. 

The- second method of computing availability, known as adjusted availability, 
attempts to determine what the availability of the machines would be If no 
modificatijons or special tests associated with the development of the machines were 
being conducted. The equation used for this calculation is: 

A = Period - (Downtime) 

P^erlod - Modification time - Special Test Time 

This "adjusted availability" more closely represents the capability of the MOD-2 
WTS after the Initial checkout and test period In which hardware and software 
modifications are correcting initial design deficiencies. Adjusted availability 
also eliminates from period time, all downtime for special tests such as evaluation 
of noise, TVI, and wake effects. 

Typical examples of modification and special test time are shown in Figure 5.53. 


Rotor 360 joint changes 
LSS bearing seal modifications 
Gear box modifications . 
Generator bearing modifications 
Control system improvements 
LSS noise investigation 
Slip ring inspection and test 
Yaw drag brake test 
Teeter stop bumper test 
I ESS harness modification 
Brush block modification 
Servo valve harness modification 
Special tesia 


Figun 5-53. Typical Modifications 
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Period time in both of these equations represents only the time crews were available 
at the site since the machines have not yet been cleared for completely unattended 
operation. In addition, period time does not include time the machines were down 
foc_modjf1 cations following the overspeed incident. 

The cumulative availability history trends are shown in Figure 5-54 through 5-57, 
and month-ly average availabilities are shown in Figure 5-58 through 5-61. These data 
are also provided in. Tables 5-lQ_and 5-11. _ 

The discontinuity on these charts between the end of May 1981 and October 1981 i^ 
the period all three turbines were shutdown as a result of the overspeed incident. 
The dip in the four week availability of unit #2 (Figure 5-55) during January and 
February is the result of the rotor Sta. 360 modifications. The zero availability 
recorded during. March is the result of the generator bearing modification. The 

affect of this period on tlie adjusted and unadjusted cumulative availabilities can 

be seen in Figure 5-55. While the unadjusted availability has a dip in this period, 
the adjusted cumulative availability is not affected by the modification downtime. 

The availability of unit #3 was low during late 1981 and early 1982 for a variety 
of reasons. In December, the pitch actuator seals were changed on both, tips, and in 

January the rotor access device was used to change a servo valve. In addition, a tip 

mounted lESS valve installed as a result of the overspeed incident developed a poor 
electrical connection which was repaired. These items were treated as maintenance 
time and resulted in decreases in both basic and adjusted availability. In March, 
basic availability remained low as a result of rotor Sta. 360 joint modifications. 



Figum &S4. WTS Number 1 Cumuktm AvtUbbHIt^ 
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Figure 5-55. WTS Number 2 Cumulative Availability 
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Figure 5-57. Cumulative Availability AH Three Unite 


Table 5- 10. Cumulative AvaitabiHty 



Unit no. 1 

j Unit no. 2 

Unit no. 3 

All unit! 1 

8m)c 

Adjuttad 

Oaalc 

Adjutted 

Batio 

Adjuttad 

Basic 

Adjusted 

JtnutiY 1981 

.78 

.80 

- 

- 

- 

- 

.76 - 

i .ea 

Ftbruitv 1981 

.74 

.76 

- 

- 

- 

- 

.74 

.76 

Much 1981 

.69 

.76 

- 

- 

- 

- 

.69 

.76 

April 1981 

.58 

.72 

,26 

.40 

- 

-- 

.63 

.68 

Miy 1981 

.64 

.72 

.60 

.72 

.71 

.80 

.67 

.72 

Novtmbcr 1981 

- 

- 

.67 

.68 

.66 

.81 

.68 

,73 

OcctmlMr 1981 

- 

- 

.64 

.74 

.60 

.73 

.69 

.73 

Jmucry 1982 

- 

- 

.67 

.74 

.64 

.89 

.66 

.72 

Ftbruirv 1982 

- 

- 

.46 

.73 

.61 

.72 

.60 

.72 

M«rch1982 

- 

- 

.38 

.73 

.66 

.73 

.49 

.73 

April 1982 

.62 

.70 

.46 

.76 

.69 

.77 

.63 

.76 

May 1982 

.63 

.77 

.49 

.77 

.60 

.78 

.64 

.78 

June 1982 

.47 

.68 

.48 

.77 

.64 

.78 

.60 

.76 

July 1982 


.71 

.44 

.77 

.67 

.80 

.61 

,76 

Aggutt 1982 


.73 

.47 

.79 

.68 

.82 

.63 

,78 

Saptambar 1982 

El 

.71 

.48 

.79 

.60 

.83 

m 

.78 
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1981 1982 

Figure 5-60. WTS Number 3 AvaiiabUity Four Week A verage 
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Figure 6-6 f. Four Week Average Ail Operating Unite 
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ra/}/e 5- 1 1. Monthly AvaHahWty 



Ur 

tit no. 1 

Unit no. 2 


All units I 

Bailc 

Adjuitad 

Basic 

Adjuitad 

Basic 

Adjusted 

Basic 

Adjuitod 1 

■lanuity 1981 

.76 

.80 

- 




.76 

.80 


FoliniWY 1981 

.72 

.73 

- 

- 

- 

- 

.72 

.73 


March 1981 

.68 

.73 

_ 

- 

- 

- 

.63 

.73 


April 1981 

.22 

.61 

.26 

.40 

- 


.24 

.44 


May 1981 

.28 

.87 

.82 

.86- 

.71 

.80 

.64 

.80 


Novamtiar 1981 

- 

- 

.63 

.62 

.77 

.91 

.66 

.78 


Oacamber 1981 

“ 

- 

.79 

.88 

.32 


.62 

.69 


January 1982 

- 

- 

.28 

.75 


■s 

.31 

.62 


February 1982 

- 

- 

.04 

.42 


.81 

.30 

.78 


March.1982 

- 

- 

0 

- 

.63 _ 

.76 

.44 

.76 


April 1982 

- 

- 

.62 

.79 

.72 

.84 

.87 

.81 


May 1982 

.67 

.94 

.64 

.81 

.61 

.88 

.61 

.87 


June 1982 

.24 

.36 

.51 

.86 

- 

- 

.26 

.62 


July 1982 

.77 

.87 

- 

- 

.78 

.93 

.69 

.90 


Augutt 1982 

.56 

.83 

.62 

.91 

.66 

.96 

.61 

.90 


September 1982 

.42 

.67 

.53 

.70 

.73 

.96 

.67 

.79 



0^ the modification and maintenance actions since January 

th,c nL L show that 35% of the downtimrin 

this period has been caused by the Sta. 360 jowt modification and the SItor 

whirh"fi?«^hr^' recurring problems and modifications, for 
the downtime I’ implemented or are being developed, account for over 90% of 


the improving availability trend during recent months has been the 24 
hour manning of the site. This improves availability by providing rapid response 

analysis of the impact of 24 hour manning at the site has 

clSste^s^iith So operated in a commercial scenario for la?ge 

clusters with two shift on site coverage, and a two hour resoonse delav no fho ^ 

maining periods the adjusted availability would decrease approximately 5% This 

av f bt coupled’^SiJh ?he improCinr 

Jr months as operating time is built on the machines and 

JhAt availability impact of resolvable recurring problems provides confidence 
achfeved scenario the predicted availabilities in excess of 90% can be 
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itfm 

Houra of 
downtlma— 

Contribution 
to ioat 
availability 

8TA 360 Joint 

1047.0 

10.1 

Otnorator bairing lubt 

498.0 

4.8 

Spaolal tatti (TVI« SERI, atc.l 

340.0 

3.3 

L88 baarlng aaaia 

82.0 

0.8 

Quill abaft coupling 

69.0 

0.6 

Enginaaring Inatiumamatloti- 

164.0 

1.6 

Actuator aaaia 

48.0 

0.6 

Rotor waid inapaction 

161.0 

1.6 

Conuol ayatam moda 

66.0 

0.6 

L88 baaringnolaa . 

63.0 

0.6 

Rock anchor chacki 

91.0 

0.9 

Yaw driva faatanara 

67.0 

0.6 

Othar 

289.0 

2.8 _ 


2954.0 

28.6% 


Figure 5-62. Modification Time 1/1/82 • 10/3/82 


Item 

Houra of 
downtime 

Contribution 
to lost 
availability 

UPS charging problem 

78.0 

0.8 

Teeter broke 

46.6 

0.4 

Servo valve 

18.6 

0.2 

Slip ring probtema 

366.0 

3.8 

lESS valve wiring 

20.0 

0.2 

Vibration aanaora 

26.0 

0.3 

Yaw driva boh torque 

23.0 

0.3 

Ah leak In rotor 

37.0 


Control ayatam 

86.0 


Power Inatabilltlea 

39.6 


Actuator aaaia 

97.0 

0.9 - 

Othar recurring problama 

170.0 

1.6 

Ona*tlma falluraa 

176.0 

1.7 

Scheduled maintenance 

194.6 

1.8 


1377.0 

13.3% 


Figure B-63. Maintenance Time 1/1/82 - 10/3/82 
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ORfQINAL PAQI fs 
OF POOR QUALITY 


Table 5-12. Oporab'onal Spares Recommendations (Sheet 1} 


riN:l 

PAFT H;IHI-.rP 

HAH'IFA' 0 

DtS'RIPTION 

QTY 

'vYSTEM 

Acpuru’^'u. 



(..1 . 

AiiXIClARY RflAV 

3 

PT'L 

4(ibt’uot ill 

i?nM/>r,( 

G.t . 

Aii>UlARY relay 

7 

5KU 

1 1 1 

12i:.PblMA 

ii.l . 

Pm. StO. A U'YOlT. RFiAY 

7 

Biai 


121JFS2A4A 

G.l. 

over.'uhdcr freo. relay 

7 

fiTCU 

4i52CJl)Hn 

16SPU1I9 

G.r. 

CIRCUIT BRRR. control SWITCH 

1 

BTCU 

455?0()Flll 

643K92 

G.l, 

POTEN’IAL TRANSFORMER 

2 

tiTCU 

4fif>?L>0f 1 1 1 

?U0Xb3Gl 

G.l . 

KlIOWATT HOUR METER 

1 

8TLU 

4f.5?o<)nn 

S‘>2-9i2A-j¥gT 

CROHJ Ton 

PHASE SHIFT [NG XFORMFR 

2 

BTCU 

43W00FU1 

8600A92JJ1 

G.t, 

PHASE shifting XFORHEK 

1 

BTCU 

455?Ounil 

9F6gtJ0u4u 

G.l . 

CURRENT limiting FUSE 

3 

BTCu 

4b5i;00FUl 

9L 1 J4 

G.r. 

1 IGHTNINO ARRESTER 

2 

61CU 

4bS20UFIll 

M-OIHH 

BtCFn’ITri 

SYNC. CHEfX RELAY 

2 

BTCU 

455?00F1U 

H-0193 

BtGAiilTlI 

SYNCHRONITING RELAY 

1 

BTCU 

45S200F111 

SIH TO 700Ab3(.l 

G.t. 

KlLOVAR HOUR METER 

1 

BTCU 

4S5200F111 

6A42b(.UCI 

G.F, 

THERMOSTAT 

2 

BTCU/GA3 

4b5200nU 

8421-3 

G.t. 

FUSE HOLDER, 2-POLE, 250V, 30A 

3 

BTCU/GA., 

4&S200Fllt 

AM-4.!6-250!i:lT) 

G.t. 

RENEWAL PARTS SET, AIR C.B. 

1 

BTCU/GAU 

4bS200FlU 

AM-4.16-280-9H 

G.t. 

AIR CIRCUIT BREAKER 

1 

BTCU/GA.' 

45S200rill 

CAT #9FbOBB3001 

G.t. 

PRIMARY FUSE, PT 

4 

BTCU/GA.- 

4&5200FUI 

0T-18m 

CHHOMALAX 

SPACE HEATER 

2 

BTCU/GAJ 

42H000F09? 

1823-1 

DKYtR INSTR 

PRESSURE SWITCH 

2 

CRACK DETECT 

428000F098 

1823-10 

DWYER INSTR 

PRESSURE SWITCH 

2 

CRACK DETECT 

428OO0FO96 

289H-41 

FlSritP. CSTl 

RELIEF VALVE 

2 

CRACK DETECT 

428000F095 

2891-21 

FISHER CRTL 

RELIEF VALVE 

2 

CRACK DETECT 

42«OOOFu93 

95J07-11 

CAPGMAIRE 

OEHUHID. AIR filter SET 

4 

CRACK 0ET-C7 

4i0CpuiJr03H 

62813 

ELtETROTtEri 

SLIP RING MCOulE-LSS 

1 

EPS 

430000F038 

62616 

ELtCTROlECH 

St. IP RING MOi-ULE-LSS 

1 

EPS 

4 3000uF0Jj> 

62833 

ElECTROTtCri 

Slip ring b'blocx-lss 

1 

EPS 

43UUOoF03f> 

62844 

ELECTROTECH 

SLIP RING R'BLOCK-LSS 

2 

EPS 

4 3il0U0F \j 3b 

62373 

ELECTROTECH 

SLIP RING 6'BlOCS-LSS 

1 

EPS 

43JO0OFO36 

626 7 0 

electrhtlch 

Slip ring e'block-yaw 

1 

EPS 

4 300Ol)F03iJ 

62879 

electrotech 

Slip ring p'floCx-yaw 

1 

EPS 

43'300aFU3b 

62880 

ELECTROTECH 

SLIP RING 1>'BL0CK-VAW 

1 

EPS 

43OJOdF03ti 

63017 

ELECTROTECH 

Slip ring ITDLOCK-VAW 

3 

EPS 

454200F06b 

9T23B3872 

G.E . 

460V '208V '120V 30KVA XFORMER 

1 

EPS 

454200F067 

A11-20-4BV-C3 

LASARCHE 

BA-TERY CHARGER 

2 

EPS 

455200F117 

H29T25BSe3Bi.bMP 

G.E. 

4160V/480V 150KVA ACCESS. PONER XFMR 

1 

EPS 

4200O0F0'J6 

8003 3bl«-A 

5TAL-LA»AL 

sealing ring 

2 

G'BOK 

430000F154 

4-1294 

HUNTERS 

filter assembly 

6 

G'BOX DEHU 

420000F006 

5911069-4 

STAL LAVAL 

BULBS 

5 

G'Box uee 

430000F006 

595-0258 

POWERS 

regulator VALVE, NO. 11 

1 

G'BOX lube 

430000F0Ub 

700-239 

POWERS 

THERMAL SYSTEM, REG. VALVE 

1 

G'BOX LJSE 

4200Q0F006 

8004-1145-1 

STAL -LAVAL 

TRANSFORMER 

1 

6 'BOX LJBE 

420000F006 

8004-1146-1 

ST At -LAVAL 

TEMP. SWITCH 

3 

G'BOX LJBC 

420000F00tj 

8004-1146-2 

STAL -LAVAL 

TEMP. SWITCH 

2 

G'BOX LjBE 

420000F00b 

8O04-1146-3 

STAL -LAVAL 

TEMP. SWITCH 

1 

G'BOX LJBE 

420Q00F006 

8004-1147-1 

STAL -LAVAL 

DIFF. PRESSURE SWITCH 

1 

G'BOX LJBE 

420000FOUI> 

8004-1148-1 

STAL LAVAL 

PRESSURE SWITCH 

3 

G'BOX LUBE 

420000FUOb 

8004-1150-1 

ST Al -LAVAL 

LEVEL SWITCH 

1 

G'BOX LJBE 

420000FUU6 

8004-U66-A 

STAL -LAVAL 

LOGIC CIRCUIT BOARD 

I 

G'BOX LUBE 

420000T006 

8004-2454-1 

STAL-LAVAL 

PR. RELIEF VALVE 

1 

G'BOX LJBE 
G'BOX L’JBE 

4200D0FU06 

8004-2454.UK1T) 

STAL -LAVAL 

PRESSURE RELIEF VALVESPRING SET 

1 

420000FUU6 

8004-2455-1 

STAL -LAVAL 

HON -RE TURN VALVE 

1 

G'BOX uee 

42000UF0U9 

8004-2476-1 

STAL-LAVAL 

CIRCULATION OIL PUMP 

1 

G'BOX LJBE 

420000FOUb 

8004-2477-1 

STAL -LAVAL 

l’jbe oil pump 

1 

G'BOX LJBE 

4200UOF006 

8004-2478-1 

STAL-LAVAL 

SHAH COUPi.lNf. 

2 

G'BOX LUBE 

420000F006 

8004-2479-1 

STA.-LAVAL 

SHAFT COUPLING 

1 

G'BOX LUBE 

4200U0FUUb 

8004-2463-1 

STAL-LAVAL 

LUBE OIL PUMP motor 

A 

G'BOX LUBE 

420UU0FU06 

8004-2484-1 

STAL-LAVAL 

CIRCULATION Oil PUMP MOTOR 

1 

G'BOX LUBE 

420000F006 

6004-2499-1 

STAL-LAVAL 

ELECTRIC HEATER 

2 

G'BOX LUBE 

420000FU06 

8004-2509-1 

ST Al -LAVAL 

DIFF, PRESSURE SNITCH 

1 

G'BOX LUBE 

43DOOOnS4 

8004-9826-1 

ST Al -LAVAL 

DLHUHlDIFlER 

1 

G'BOX LUBE 

420000FOab 

94/34X500 

ST Al -LAVAL 

FILTER cartridge -AIR VENT 

8 

G'BOX LUBE 

42U0O0F006 

827 

STAL-LAVAL 

OVERLOAD RELAY 

1 

G'BOX LUBE 

42OQUUFg0b 

827-1 

ST Al -LAVAL 

OVERLOAD RELAY 

1 

G'BOX LUBE 

420000F006 

G5T11-N-25MY 

STAL -L aval 

FILTER CARTRIDGE. LUBE Oil -RtUSEABLE 

3 

G'BOX LUBE 

420000F006 

IN-AGBR-BOO/STll-N-25 

STAL-LAVAL 

INSERT ASSY, OIL FILTER 

1 

G’BOX LUBE 

4200UUFgub 

L.5.-16/L-186 

STAl-LAVAl 

CONTACTOR 

1 

G'BOX LUBE 

42000yFUC6 

1 .5.-2U/1-24G 

STAL-LAVAL 

CONTACTOR 

2 

G'BOX LUBE 

420000FOg6 

L.5.-35/I.-44 

STAL-LAVAL 

CONTACTOR 

1 

G'OOX LUBE 

42(X)OOr006 

1.5.-6/L-11611 

STAL -LAVAL 

CONTACTOR 

4 

G'BOX lube 

42O0O0F00t> 

RA-401U12 

STAL -LAVAL 

RELAY 

1 

G'BOX LUBE 

42O0U0F006 

RA4U1615 

STAL-LAVAL 

RELAY 

1 

G'BOX LUBE 

420000FU06 

SLFT4952-537 

STAL-LAVAL 

0-RlHG, OIL filter, VITOK 179.3X5.7 

12 

G'BOX lube 

42O00OF006 

SLFT4952-543 

STAL-LAVAL 

0-RlHG, OIL filter, VITOH 209.3X5.7 

12 

G'BOX LUBE 

42UOOUFU09 

T1651-430/T2901-108 

STAL -LAVAL 

COUPLING bolt-set FOR 8004-2490-A 

1 

G'BOX LUBE 
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Tod/e 6- 12. Operational Spares Recommendations (Sheet 2) 


f ’.*1 '1 . 

i ap: NUHp.i a 

MAN'il ACT . PFR 

•1 !i 

u4 .' -u 

OHMITE 


1,- '>i',;.V4A 

G.E. 

•V - . . 

!/■■ 1 

G.E, 

■1'. i- • 

’ '! '•! 'A: •< 

G.E. 



G.E. 

•4 . 1 


G,E. 


: • : An ‘ 

G.E. 

G.I.. 

•• - 4, J •. -.4., 

1. »»• V 1 '*i }' ; A 

G.E. 

4b320UFju0 

I2IRTS3C2A 

G.C. 

4SIP00I jii.' 

IB'.RIBI 

G.E. 

■* . - 

, 4is'.lAAA!i 

G.E. 


643x8b 

G.E. 

4SJ2a(ir'jOu 

644266212 

G.E. 

4S32UDF000- 

— 750X10G6 

G.E. 

4S320OFO0O 

750X1068 

G.E, 

4SJ200FCUU 

8411-3 

G.E. 

453200F000 

9158B2804 

G.E. 

4732O0F0O0 

CR205AOU2 

G.E. 

4SJ?CJ( J,!!} 

CRZ05JOU2AOA 

G.E. 

4S32O0FOOU 

IC3655A1U04 

G.E. 

4S3200FUJU 

RblOU425XXZC 

hestihghouse 

45320UFUJ0 

R6U0425XX2C 

WESTIHGHOUSE 

4S320IN0C0 

SCP250G-60 

BASLER 

4532O0FUOO 

SR4A3B07B2 

6ASLER 

4S32O0FO00 

XL31K52l.'2A4-21 

S.C. 

420000F0JB 

00814237 

BELOIT 

420000F009 

008S6413 

BElOIT 

420000F009 

00865213 

BELOIT 

420000FJ09 

01039635-00814588 

BELOIT 

420000F009 

01039636-00814S89 

BElOIT 

4200D0FJ09 

C4T *26511, Type 6302 

UNITED ELECT 

42000llFUUtl 

07b6iaul 

tolomatic 

421011-0U1 

10923-00 

REXNORO 

42101 i-OUl 

U959 

REXNORD 

421011-001 

16097-00 

REXNORD 

42OOO0FOUB 

FS440N 

TOLOMATIC 

421012-018 

032-421012-18 

SEAWEST 

41!500Fjll 

1308-0063 

SPECTROL 

42)012(221 

?OLO IN -2048-0- 1-0-A 

LITTON 

42I012F020 

70LDIN5000-0-1-0-A 

LITTON 

4S420O( 144 

800YE14A 

ALLEN -BRAD 

411500f02u 

671FA-122 

ROSEMOUNT 

433liOOf 11" 

935336E 

VIBRAMETRICS 

4300UUF04S 

wiy2-(','DC 

WEATKERMEAS 

431UI2F0SJ 

1142K13 

MCMASTER CAR 


032-42U'1 j-1 

CHICAGO RANH 

4211,13-2 

032-421013-2 

CHICAGO RAWH 

421013-3 

032-421013-3 

CHICAGO RAWH 

421013-4 

032-421013-4 

CHICAGO RANH 

421013-S 

032-421013-5 

CHICAGO RAWH 

421013-6 

032-421013-6 

CHICAGO RANH 

431012F070 

4450K30 

MCMSTER CAR 

431012FO27 

5004-35-87 

PROTECT CNTl 

431012F046 

5004-35-88 

PROTECT CNTL 

4310I2F049 

FS-GKR-tN 

APPLETON ELE 

4310U6-01 

2-048-0352 

AAA FIRE EXT 

43101)8-01 

2-061-0018 

AAA FIRE EXT 

430000F107 

2075K16 

MCMASTER CAR 

431008-01 

3041-24 

JOHNSON COKT 

43100SFU06 

600053 

HEATHERMEAS 

430000F203 

77-2008 

EGAG 

4JUi.0uF20J 

77-2015 

EGAG 

43UilU0l’2U! 

77-2014 

£GSG 

43U0U0F203 

77-304U 

CGiG 

43O0UUF2O4 

77-2123 

Fcxr. 

43000CF2O4 

77-2292 

lake 

430U00F203 

77-2365 

EG&G 

4300UOF203 

77-2605 


430000F203 

77.2624 

EG&G 

43000UF201 

77-2673 

EGBG 

430000F2D3 

77-2710 

EGSG 

430000F203 

77-2732 

EGAfi 

430000F203 

77-2795 

EGBG 

430000F203 

77-2796 

CGAG 

430OU0F203 

77-2797 

lakCs 

430000F20J 

77-2874 

laiiCs 

430000F203 

77-2878 

EGSG 

430000F203 

77-2920 


430000F204 

77-2961 

EGIG 

430000F201 

77-3041 

EGAG 


pE SCR in ION 

RESISTOR 

LOSS OF £*CITATI0H RELAY 

differential relay 

LOCK -OUT RELAY (OCB TRIP RELAY) 
AUXILIARY RELAY 

Overcurrent relay 
OVERVOLTAGE RELAY 
REVERSE POWER RELAY 
OYERCURRENT RELAY 
TEHPERATURE RELAY 

c.B. control switch 

ELAPSED time METER 

potential TRANSF-ORMER 

THERMOSTAT 

CURRENT TRANSFORMER 

CURRENT TRANSFORMER 

FUSE HOLDER, IrPOLE, 2SOV, JOA 

transformer 

CONTACTOR 

EXCITER FIELD CONTACTOR 
POWER FACTOR RELAY 
DIODE 
DIODE 

POWER FACTOR-CONTROLLER 
VOLTAGE REGULATOR 

WAH transducer 

EXCITER SURGE SUPPRESSOR 
BRG. SHELL ASSY. (EXCITER END) 

BRG. SHELL ASSY. (DRIVE END) 

EXCITER DIODE (STD. POLARITY) 

EXCITER DIODE (REVERSE POLARITY) 

GEN. BRG. OVER/UHOER TEMP. SWITCH 

BRAKE lining SET 

BOLTS-LONG 

DISC PACK 

BOLTS 

caliper assy. R&yoR BRAKE 
ROLLER, PRIMARY ENCODER 
POSITION POTENTIOMETER, MODEL 308 
OPTICAL ENCODER, FAILSAFE 
OPTICAL ENCODER 
INTRUSION SWITCH 
ICE DETEC10R SENSOR 

vibration sensor 

WIND SENSOR 

SIGHT GAUGE 

OIL seal 

OIL SEAL 

OIL SEAL 

WEAR SLEEVE 

HEAR SLEEVE 

WEAR SLEEVE 

BREATHER FILTER 

THERMOSTAT -operational 

THERMOSTAT-FAILSAFE 

GASKET 

cylinder W.-UO* HALON 1301 » 600 PSl 
SOLENOID pilot valve ASSY - 24-V-OC 
FAH-NCU COOLING 
SMOKE DETECTOR, PHOTO ELECTRIC 

de-icing lamp assembly 

POWER TRANSFORMER (Tl) 

RELAY, SPOT (K?,K3) 

CAPACITOR (Cl) 

FUSE, FNQ,10 (FZ) 

FLASHTUBE ASSY (VI) 

SOCKET, FLASHTUBE (SVl) 

FUSE, lA, SLO BLO (F1,FS,F6) 

TIMING t TRIGGER P.CB. (Al) 
TRANSFORMER, L.V. LOGIC (Tl) 

SYNC timing 1 ORIYER PCG (Al) 

RELAY, DPDT (K4) 

HIGH VOLTAGE MODULE (CRl) 

CAPACITOR (C?) 

CAPACITOR (C3) 

CAPACITOR (C4,C5) 

FUSE, 1/32A, SLO BLO (F3.F4) 

RELAY, CONTACTOR (Kl) 

RESISTOR IR2) 

TRIGGER TRANSFORMER ASSY (Tl) 

RELAY 3PDT (Kl,K2,K3,K6,K7) 


SYSTEM 

P.7. 

? GAU 

1 GAU 

1 GAU 

1 GAU 

i GAU 

1 GAU 

1 GAU 

1 GAU 

2 GAU 

1 GAU 

2 GAu 

2 GAU 

2 GAU 

2 GAU 

2 6Al 

3 GAU 

3 GAJ 

2 GAU 

2 GAU 

2 GAU 

1 CAU 

4 GAU 

4 GAU 

2 GAU 

2 GAU 

2 GAU 

2 GENERATOR 

2 GENERATOR 

2 GENERATOR 

6 GENERATOR 

6 GENERATOR 

2 GENERATOR 

2 HSS 

8 HSS 

4 HSS 

24 HSS 

2 HSS 

4 INSTR 

2 INSTR 

1 INSTR 

1 INSTR 

1 INSTR 

2 INSTR 

1 INSTR 

2 INSTR 

1 LSS BRGS 

2 LSS BRGS 

2 LSS BRGS 

3 LSS BRGS 

2 LSS BRGS 

2 LSS BRGS 

3 LSS BRGS 

2 LSS BRGS 

2 LSS BRGS 

2 LSS BRGS 

2 LSS BRGS 

I NACELLE 

1 NACELLE 

2 NACELLE 

1 NACELLE 

2 NACELLE 

1 NACELLE 

1 NACELLE 

1 NACELLE 

5 NACELLE 

1 NACELLE 

I NACELLE 

5 NACELLE 

1 NACELLE 

1 NACELLE 

1 NACELLE 

1 NACELLE 

1 NACELLE 

1 NACELLE 

1 NACELLE 

1 NACELLE 

S NACELLE 

1 NACELLE 

1 NACELLE 

1 NACELLE 

1 NACELLE 


3R. f 


A 


\ 
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Table 6- 72, Operational Spares Recommendations (Sheet 3) 


f iNlJ N(i. 

PAfll NUMBL8 

MAN'lf ACTUHCR 

4JU000K04fl 

080 -6 

A1R5TREAH 

431008-01 

DT-200 C 

JOHNSON CONT 

4300001100 

lLOHODELCRF-18 

AIR COMHODIT 

4300001047 

RESCUMATIC 

SAFETY-SUPPL 

43000UFU43 

T42B1027 

HONEYMEU 

4B/O70-1 

032-457020-1 

BOEING 

457072-1 

032-457022-1 

BOEING 

4S7023-1 

032-457023-1 

BOEING 

457024- J 

032-457024-1 

BOEING 

457025-6 

032-457025-6 

BOEING 

45/0UFO22 

122-105 

MOOG 

457000F042 

102S0T1I2P 

CUTLER HAH 

4570I3F094 

10250T42 

CUTLER HAM 

4570UF094 

nuie-16-3 

NATL SEHl 

457011F051 

1N5306 

MOTOROLA 

457013F111 

356001 

LITTLE FUSE 

457013F113 

3AG-312U02 

little fuse 

4S7013F114 

3AG-312005 

LITTLE FUSE 

457013F027 

48P5AB15CD 

POWER CUBE 

4S70UF015 

$031 

CODEX CORP 

458000F013 

5032 

COOEX CORP 

457013F032 

507-4537-1531-640 

AMPEREX/OIAL 

457000FQ28 

673-1 

TELEDYNE 

457000F026 

673-21 

TELEOYNE 

457000F025 

673-22 

TELEOYNE 

457000F027 

673-4 

TELEDYNE 

4S7000F021 

6A426G001 

G.E. 

457013F121 

7500K14 

CUTLER HAM 

457013F086 

9274-5569 

LEACH 

457013F087 

9274-6205 

LEACH 

458000F009 

95-0408-0933-241 

AMPEREX/DIAL 

4570UF112 

AGC-1 

8USSMAN 

45701 3F088 

COC- 38- 30025 

POTTER BRUM 

4S7013F089 

CDC-38-30O3O 

POTTER BRUM 

45701 3F095 

OH0008CN 

NATL SEHl 

457000F023 

FS2051 

G.E. 

457013F01S 

0A-A3-A15-2 

KEINEMANN 

457013F016 

JA1-A3-A-20-2 

KEINEMANN 

457013F017 

JA1-63-A-10-2 

HEIHEHANN 

45701 3F090 

KRP U DG-71Y 

POTTER BRUM 

457013F028 

LCO-2-22 

LAMBDA 

457000F116 

LGS-5-280-OV-4 

LAMBDA 

457000F115 

LGS-5-50-0Y-R 

LAMBDA 

457000F114 

LH-228-r 

LAMBDA 

45701 1F014 

HTA-4068-WW 

ALCO ELECTR 

457013F008 

TDP-1 

Hl-G CO. 

45701 1F042 

V18ZA1 

G.E. 

457010F024 

Z80-AI0 

ZILOG 

455200F112 

CAT 41-30K 

QUALITROL 

455200F112 

CAT fll082-2 R.3 GR2 RTl 

UPTEGRAFF 

455200F112 

CAT #11082-5 R.3 GR2 PTl 

UPTEGRAFF 

455200F112 

CAT 1152115-200, TYPE 8 

KEARNEY 

455200FU2 

CAT #1925-29 

ROCHESTER 

45S200F112 

CAT »70-35C 

QUALITROL 

455200F112 

TYPE EJl »9F606HH9O5 

G.E. 

455200F112 

TYPE JK5-5 639X90 

G.E. 

45S200F112 

TYPE JYH-S, ‘‘685X46 

G.E. 

428002F051 

01907 

DELAYAL TURG 

418003-1 

032-418003-1 

REEU INSTR 

418004-13 

032-418004-13 

RENTON COIL 

428006F046 

1/2 DISC 17101501) 

FIKE METAL 

426006F029 

1/2 -3058 

FIKE METAL 

418004-014 

|1/?HH510.82-AK 

SKEFFER 

428006F034 ■ 

19R3-04-C1A 

SOR INC. 

428000F108 

lK-01204-01 

DOUBLE -A 

428000F137 

206K 

FAFNIR 

428000F137 

2081 29C 

DELAYAL SARK 

428002F04S 

208K 

FAFNIR 

428006F047 

283064-0001 

HAROTTA 

428006F012 

283065-0001 

HAROTTA 

428000F181 

3-8N552-90 

PARKER-KANN 

4280001) 14 

31P10BE5OYHYH-1 

PARKE R-HANN 

418U02F004 

3003-33-003-06-03-0085 

ABEX-DENISON 

4180021006 

3003-33-003-11-03-0-0-B 

ABEX-DENISOH 

428000F104 

458-125-26 

TELEOYNE 

428000fl03 

458-85-26 

TELEOYNE REP 

418000F061 

50-16 

DRAGON 

428000F101 

5008 

DRAGON 


DESCRIPIIOH 

OTV 

AI>Pl ICATTim 

RELIEF UAMPtR 

2 

NACELLE 

THERMAL DEUCTOR, KATE COMP. 200« 

1 

NACEI LI 

EXHAUST FAN 

1 

NACELLE 

EMERGENCY ESCAPE OEYICE 

1 

NACELLE 

thermostat -FAN 

1 

NACELLE 

ClPtUlT CARO ASSY A-2 

? 

HCU 

CIRCUIT CARD ASSY A-1 

2 

NCU 

CIRCUIT CARO ASST A-3 

2 

NCU 

C;PCUIT CARD ASSY A-6 

2 

HCU 

TTL hire wrap board 7.-4 

2 

NCU 

SERVO AMPLi HER ASST 

2 

NCU 

PUSH BUTTON ASSY 

2 

NCU 

CONTACT block 

2 

HCU 

HEADER 

2 

HCU 

DIODE 

24 

NCU 

FUSE BLOCK 

3 

NCU 

FUSE, 2A 

5 

HCU 

FUSE, 5A 

10 

HCU 

POWER SUPPLY #1 

2 

HCU 

MODEM, ORIGINATE 

2 

HCU 

MODEM, RECEIYE 

2 

NCU 

LAMP 

2 

NCU 

A.C. INPUT MODULE 

2 

NCU 

O.C. INPUT MODULE 

2 

NCU 

O.C. OUTPUT MODULE 

2 

NCU 

A.C. OUTPUT MODULE 

2 

NCU 

THERMOSTAT-NCU 

2 

NCU 

SWITCH 

4 

NCU 

115 YAC RELAY 

1 

NCU 

28 YOC RELAY 

2 

NCU 

INDICATOR LIGHT 

2 

NCU 

FUSE, lA 

IS 

NCU 

24 YDC RELAY 

1 

NCU 

24 YCC RELAY 

1 

NCU 

DlGITAl DRIVER 

2 

NCU 

HEATER STRIP 

2 

NCU 

CIRCUIT BREAKER 

2 

NCU 

CIRCUIT BREAKER 

2 

NCU 

CIRCUIT BREAKER 

2 

NCU 

24 YOC RELAY 

3 

HCU 

POWER SUPPLY #2 

2 

NCU 

POWER SUPPLY, 20YOC (F/S) 

2 

NCU 

POWER SUPPLY #4 

2 

NCU 

POWER SUPPLY - 28Y0C-#3 

A 

C 

NCU 

SWITCH 

2 

HCU 

RELAY 

2 

NCU 

VARISTOR 

2 

NCU 

ANALOG BOARD ASSY A-7 

2 

NCU 

GAGE, LIQUID LEVEL 

1 

OUTPUT XFMR 

BUSHING ASSY. LOW VOLTAGE 

3 

OUTPUT XFMR 

BUSHING ASSY. HIGH VOLTAGE 

4 

OUTPUT XFMR 

FUSE, AIR INTERRUPT SW. 

6 

OUTPUT XFMR 

THERHOHE .2.R 

1 

OUTPUT XFMR 

PRESSURE VACUUM GAUGE SET 

1 

OUTPUT XFMR 

PRIMARY FUSE, PT SIZE B 

2 

OUTPUT XFMR 

CURRENT TRANSFORMER 

2 

OUTPUT XFMR 

POTENTIAL TRANSFORMER FUSED 

2 

OUTPUT XFMR 

LOW LEVEL SWITCH-HYO RESERVOIR 

2 

PITCH CHTL 

HYDRAULIC SWIVEI/ACTUATOR ASSY 

1 

PITCH CHTL 

SPRING, TIP LOCK 

2 

PITCH CNTL 

RUPTURE DISC, 600 PSl 

6 

PITCH CHTL 

RUPTURE UNIT (HOUSING) 

1 

PITCH CNTL 

ACTUATOR 

1 

PITCH CnTl 

PRESSURE SWITCH, RETURN LINE 

2 

PITCH CHTL 

MANIFOLD SEAL KIT 

1 

PITCH CHTL 

BEARING-HTD RESERVOIR 

2 

PITCH CHTL 

THERMOWELL 

2 

PITCH CNTL 

BEARING-HYD RESERVOIR 

2 

PITCH CNTL 

SOLENOID VALVE, lESS 

4 

PITCH CHTL 

SOLENOID VALVE, START -STOP 

2 

PITCH CNTL 

“0" RING FOR S159T RELIEF VALVE 

6 

PITCH CNTL 

FILTER ASSY, HYDR SUPPLY 

2 

PITCH CNTL 

DIRECTIONAL VALVE 

I 

PITCH CNTL 

DIRECTIONAL VALVE 

1 

PITCH CNTL 

CHECK VALVE 

2 

PITCH CNTL 

CHECK VALVE 

2 

PITCH CHTL 

DRAGON HAND VALVE 

3 

PITCH :ntl 

VALVE-NEEDLE 

2 

PITCH CNTL 
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Table 5 12. Operational Spares Recommendations (Sheet 4} 


fill. 




42800OfO73 

4?8000ri07 

428002FO41 

4281)00(0/9 

428000F07K 

4280i)QF080 

42HUUUF11C 

430000Fg42 

428000F033 

418004-914 

4I8002F008 

428002FO42 

42800(»^0i3 

428000F114 

428000F091 

4280008108 

428002F04J 

418003F002 

418002F007 

428000F10S 

428000F116 

428002F046 

4180038006 

4180038002 

4180028005 

4280008127 

4280008126 

4280008115 

4180008102 

4180038002 

4280008115 

4180028003 

411306-1 

411306-2 

411306-3 

411307-1 

4180008033 

4180008034 

4113118031 

4113118030 

4113118036 

411311-02 

4113118034 

4113118035 

4113118033 

4113118032 

4130008031 

4130008031 

4130008031 

4130008031 

4130008031 

4130008031 

4130008031 

4350008014 

4350008014 

4300008147 

4350008013 

4350008014 

4350008014 

4350008014 

4350008015 

4350008013 

4350008051 

435004F013 

435004F133 

4350048016 

4350048020 

4350048142 

4350048022 

4350048102 

4350048016 

4350068010 

4350048029 

4350048015 

4350048031 

4350048030 

4350048018 

4350058011 


SOS -2- 3 -F 
5159T-8TU-75 
57X1 -4U 
6607A-/-91 
6507A-8.6S 
6607A-8-66 
66602 5MJ00 
709-CAD 

?2C81OC£Cl5YOr0-l 
760-01-0150-0062 
77093 
8280 
908648 
983061 
9T58B1313 
AOP-06-10A1 
CAY 94-3 
CB502A-HLU1 
CS 8005 
D1VW20B40Y 
DD-1101-4? 
8-SD-3020-A-00-1.62S 
HT40-101 
L06942-0000 
HHC20-T40A-4 
KT1H-H251S 
P920I 

PV06-007-51L-04 
R0Y22-T8-40A 
Rli2AKi.-0355 
515-15239 
TPCCSL600SA1.8 
032-411306-1 
032-411306-2 
032-411306-3 
032-411307-1 
2300001 2-0544J 
8010606-12-12-55 
HH 840210 
HH 840249 

JM 15D15-LP0(H5L16) 

JH 18858 

JH 6334-LUP(H5Ll6) 

JM 9833-0LL-P0(H1/l5) 

LM 565910 

LH 565949 

032-413003-5 

9680106 

9680107 

9684796 

9685214 

39640155 

9650236 

112-1017 

14253 

2122A9SJ 

39630906 

61104 

61105 
61108 
620 

9640152 

PCCK600S 

lOHP-lBOORPK 

249S-2PP 

53576 

6607A-7-85 

6607A-8-72 

66'’7A-9-59 

709B0B1O3 

7515130 

920523 

&IINNC-U05-L(1) 

C12005V 

01VH20eYY 

D1VW4CYY 

H2082 

IE2D5 


MAMUFArT,;R,-;. 


or. SCRIPT ION 


04H SPECUlT 

ClfiCLt StAL 

LEH2 

CCC 

CCC 

CCC 

PARKCR-HANH 
ALUN-BRAD 
PARKE k-HANN 
SHE8FE8 
ABE X -DEN ISON 
ROCHESTER 
PARKE R-H ANN 
PARKE F-h.AN 
C.E. 

DOUBLE A 

AIRFLYTE ELE 

PARKER-HANN 

PARKER-HAHN 

PARKER-HANN 

REULAND 

CRAKE PACK 

NHB CORP 

PARKER-HANN 

SNAP-TITE 

DEEAYAL 

control prod 

DENISON 

SNAPTITE 

PARKER-KANN 

ABEX-DENISON 

PARKER-HANN 

SERYtCE BRON 

SEKYICE BRON 

SERYICE BRON 

KEY BEELEVll 

TITEFEEX 

PARKER-HANN 

TIMKEN 

TIMKEN 

O.M. OIE SLS 
J.M. OIL SLS 
J.H. OIL SLS 
J.M. OIL SLS 
TIMKEN 
TIMKEN 
SEAHEST 

Goodyear 

GOODYEAR 

GOODYEAR 

GOODYEAR 

GOODYEAR 

GOODYEAR 

EATON/CHARLY 

EATON - 

CONTROL PROD 

GOODYEAR 

rSTON 

EATON 

EATON 

GEAR WORKS 

GOODYEAR 

PARKER-HANN 

REULAND 

CIRCLE seal 

PUROlATOR 

CCC 

CCC 

CCC 

ALLEN BRAD 

PUROLATOR 

PAH.KER-HANN 

DOUBLE A 

PARKER-HAHN 

PARKER-HANN 

PARKER-HANN 

HARSH 

ITT-YULCAN 


PRESSURE SNUBBER 
RlllEF YALVE 

filler cap assy-hyd reseryoir 

PR. SWITCH, 430 PSI 
PR. SWITCH, 1500 PSI 
PRESSURE SWITCH. 1900 PSI 
ACCUMULATOR SPARES K|T 
MOTOR STARTER 
FILTER ASST. HYOR RETURN 
PACKING KIT. TIP ACTUATOR 
SERYO YAlYE 


unvut-niu. KUitKyUlK, ID.O LG. 
ELEMENT FOR 72CF FILTER (RETURN) 
ELEMENT FOR 31P FILTER (SUPPLY 1 
TRANSFORMER 
CHECK VALVE-PILOT 
BRUSH BLOCK-HYO RESERVOIR 
BODY SEAL KIT, PITCH ACTUATOR 
CHECK VALVE 
SOLENOID VALVE 

Electric motor 

FACE SEAL-HYQ RESERVOIR 

SPHERICAL BEARING 

PISTON RINGS KIT, PITCH ACTUATOR 

OVERCEHTER VALVE 

TEMPERATURE SWITCH 

TEMPERATURE SWITCH 

HYDRAULIC PUMP 

RELIEF VALVE 

GLAND CARTRIDGE KIT 

PUMP SPARES KIT 

flow CONTROL VALVE 

BUSHING 

bushing 

BUSHING 

BELLEVILLE SPRING 
HOSE ASSY-TEFLON 
HOSE ASSY-RUBBER 
BEARING CUP 


BEARING CONE 
OIL SEAL, INBD-IHT. 

OIL SEAL. OUTBO-EXT. 

OIL SEAL.OUTBD-IHT. 

OIL SEAL, INBO-EXT, 

BEARING CUP 

bearing cone 

BUMPER ASSY 
SEAL 

BACK-UP RING 
BACK-UP RING 
SEAL 

BRAKE LINING SET 
BRAKE CALIPER ASSY 
HYD DRIVE MOTOR 
BOLT, RETAINER 

time DELAY RELAY, ROTOR- BRAKE 

BRAKE LINING SET 

SEAL KIT, SHAFT 

SEAL KIT, MOTOR, REAR 

SHAFT AND BEARING KIT 

PLANETARY SPEED REDUCER 

BRAKE CALIPER-DRAG 

FLOW CONTROL VALVE 

MOTOR-ELECTRIC 


kuiuH DKML PRESS, 
FILTER, SUPPLY 

PR. SWITCH N/0 TO CLOSE AT 500 PSI 
PRESS. SWITCH, 1600PS1 
PR. SWITCH H/C TO CLOSE AT 2000 PSI 
MAGNETIC STARTER 

element for 53576 FILTER (SUPPLY) 
element for 8331R8 FILTER (RETURN) 
VALVE-RELIEF 
VALVE -CHECK 


DIRECTION VALVE. YAW BRAKE 
DIRECTIONAL VALVE, HYD. MOTOR 
PRESSURE GAUGE 


thermostat, heat exchanger 


srsTiv 

O'r Aw-’. ir/.''; s 

2 PITCH Ch'! 

2 PITCH CNTl 

2 PITCH CNTl 

3 PITCH CNTl. 

3 pitch ft,’; 

1 pitch ;nTl 

2 PiTCH CN*. 

1 pitch iW 

2 pitch (N\ 

1 FlTCn Ch-. 

2 PITCH Ch*. 

I pitch fS*. 

6 pitch CK*., 

3 PITCH Ch*. 

1 PiTCh CI/_ 

2 pitch Ch-. 

2 PITCH ri.\ 

2 PITCH Ch*. 

2 PITCH CNTL 

2 PITCH Ch* 

1 PITCH Ch*;. 

1 PITCH CN*.. 

2 PITCH CNTl 

2 PITCH CNTL 

2 PITCH CN*. 

2 pitch CN*L 

2 PiTCH CN*L 

1 PITCH CNTl 

2 PITCH CN’L 

2 PITCH CKP. 

1 pitch CN*. 

2 PITCH CNTl 

2 ROTOB 

2 ROTOR 

2 ROTOR 

6 rotor 

4 ROTCR 

2 ROTOR 

2 ROTOR 

2 ROTOR 

3 ROTOR 

3 ROTOR 

3 ROTOR 

3 ROTOR 

2 ROTOR 

2 ROTOR 

2 TEETER 

3 TEETER 

3 TEETER - 

3 TEETER 

3 TEETER 

8 TEETER/VAW 

4 (EETER/VAW 

1 YAW CONTROL 

6 YAH CONTROL 

I YAW CONTROL 

3 TAW CONTROL 

1 TAW CONTROL 

1 YAW CONTROL 

I yah CONTROL 

1 YAW CONTROL 

1 YAW CONTROL 

2 YAW CONTROL 

1 YAW HPU 

2 YAW HPU 

1 yah HPU 

2 YAW HPU 

1 YAH HPU 

2 YAW HPU 

1 YAW HPU 

3 YAW HPU 

2 YAW HPU 

2 YAW HPU 

2 YAW HPU 

2 YAW HPU 

2 YAW HPU 

1 YAW HPU 

2 YAW HPU 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

ss “■ » 

The major system accomplishments demonstrated at Goodnoe Hills are as follow&j 


(1) 


(4) 


rj r^-;: is^ “;j“r z »,.r 

"n"eJ»l'JlagS“*?a"prbnnr** »"« 

'” H£ vLr'“ r- ’S-s-su” ;s 

percent at the maximum wuid. speed of 45 jnph. 

controlled yaw upwind rotor, which has more 
® downwind, rotor, and which has 
demonstrated fully acceptable noise characteristic^ 

(5) The feasibility of the partial span (30*) tip controlled rotor. 

(6) The adequacy of the failsafe shutdown system protection. 

achle“nran^vanIbn?JrTn‘?rf'°:S «« 

:r p" r 

0.92 as ea?ly ire“?J?IIJy ^ 

of the*M00-2*'and'*1s^pTOu1dina inv^uable unique design features 
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( 2 ) 


Ifiss than had been expected. No teeter stop 
contacts have been observed during rotation. The teeter brakes appear 

rel ?abn i deactivated which will improve overall 


proven to be unnecessary and has been 
deactivated which will improve overall reliability. 

(4) 


(5) 


cyclic loads are higher than predicted. These 

hSJtLfJ? reduced by sizing the drive motor to stall and allowing 
backdriving during peaks_in the cyclic loads. anuwmg 

rotor loads prediction methods were verified for all loading 
SrSrf cyclic loads which are higher than 

analysis methods. Prediction methods have been modified to 

rotor 0 

ai?i;?oi?o:2f'?;r?c‘ ?ss5r' 

(6) The compliant quill shaft, in conjunction with the pitch control system 

to oearbor'^^Thf ^ ‘‘“”'’'"9 oscillations from^ rotor 

(7) A system simulation model has been- developed and correlation with actual 

the- capability to optimise thrcoittol 
IJIlJgy Stput!'^^ reduction and power stability while achieving maximum 

of actual power output versus meteorological tower wind 
speeds show good correlation with predicted values. The data are based 

^ samples per second) during 

thl relatively steady winds. Approximately one-third^of 

predicted values. Two thirds of the data 
predicted values. The maximum data scatter of 
approximately 20% can be attributed to windspeed at the turbines being 

moterologicSl tower, losses dul 
error, and accuracy of the dajta. systems. 

iS.ni'SIi; WO-2 project goals ha«e been achieved. A wide base of suppliers 
Involvement has contributed to the program. Utilities have oarticinatpH in tho 

machfne^at Medic? machines at Goldendale, plus a MOD-2 

mach Se It SoflSl operated by the Bureau of Reclamation and a MOD-2 

machine at Solano, California, operated by Pacific Gas and Electric 3 re 

contributing to the data base. The feasibility of the large machine' has been 
demonstrated and provide the technical confidence for development of "even larger 
machines. Continued operation will demonstrate the economic 
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The existing three units at Goldendale provide an excellent test facility for 
continued Industry evaluation and development of advanced systems. This facility 
Is continuing In a test mode under the program direction of NASA/BPA. Specific 
areas of continued evaluation and test should Include: 

(1) Control system/performance optimization with continued development of 
analytical modeling including wind turbulence Induced effects. 

(2) A continued operational evaluation of performance, component reliability, 
maintenance timelines, and system availability to provide the utility 
Industry with a firm basis for economic evaluation. 

(3) A product Improvement program to correct any potential design 
deficiencies impacting system availability, maintenance procedures or 
personnel and equipment safety. 

(4) Long term evaluation of environmental Impacts. 

(5) Cluster array analysis with testing for wake effects. 

(6) Advanced concepts verification Including new materials, airfoil shapes, 
tip speed effects, etc. 
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APPENDIX A 

SITE DEVELOPMENT AND WTS ERECTION 


The construction of three MOD-E wind turbine systems at Goodnoe Hills, WA. 
required completion of the following major tasks: 1) Constructing 
foundations, 2) Erecting a gin poje for hoisting the wind turbine components, 
3) Erecting the tower, 4) Instal-ling the nacelle on the tower, .5) Installing 
the rotor on the low speed shaft, and 6) Installing the electrical equipment 
required to transmit the power from the wind turbine generator to the 
Bonneville Power Administration substation.. Bonneville Power Administration 
provided the wind turbine site locations, the roads to the sites, temporary 
construction power^ and the substation to interface the three wind turbines 
with the electrical power grid. 

The construction process began at site #1 with construction of ten foundations 
requiring a total of approximately 710 cubic yards of concrete. (Seven gin 
pole foundations, one tower foundation, one electrical equipment pad, and one 
maintenance equipjnent foundation). The construction process for all 
foundations was similar. After a hole was excavated to the proper dimensions, 
wooden forms were constructed and the specified rebar, anchor bolts, conduits 
and embeds were placed wlttln the forms. Concrete was then placed In the 
forms and allowed to cure. The forms were then removed and backfill placed 
around the foundations. 

The tower foundation required installing rock anchors In addition to the rebar 
and tower anchor bolts » Following excavation for the tower foundation, 
seventy- two holes were drilled Into the rock and rock anchors ^enty-eight 
feet In length were Installed. The rock anchors were centered In the holes, 
and secured by grout pumped In the holes and allowed to cure. Figure A-1 
shows the rock anchors Installed In the foundation excavation. Following the 
Installation of che rock anchors, construction of the tower foundation 
continued with the Installation of forms.— After the tower foundation was 
poured and cured the rock anchors were tensioned to approximately 154,000 
pounds. Figure A-2 shows the completed foundation Installation. 
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Following the completion of the foundations the gin pole was erected to hoist 
the heavy components of the wind turbine. The 250' gin pole was assembled and 
partially rigged on the ground and lifted onto the boom rest tower using a 
crane. After rigging of the gin pole was complete it could lift Itself into 
working position by pulling against the boom-up pendant which was attached to 
the tower foundation (Figure A-2). The gin pole was load tested by lifting 
six culvejiits filled with concrete weighing a total of 213,000 pounds.. 

The tower was erected by welding factory fabricated segments in place on the 
tower foundation. First, two base sections with the base plate and gussets 
factory welded were placed over the ninety-six anchor bolts and leveled with 
shim packs. The base sections were then welded together. .Four petal sections 
were then welded on top of the completed base section. Four smaller petals 
were then welded together beside the tower, lifted into place and welded to 
the previously completed structure. Th.is completed the conical section of the 
tower. A forty foot cylindrical section with the hyperbolic transition 
attached was then welded onto the conical -section (Figure /W3). Three more 
forty foot cylindrical sections were then welded on the proceeding sections to 
bring the tower to its completed hieght of 196 feet. Figure A-3 shows the 
last tower section being placed. All sections were welded from temporary 
scaffolding tack welded to the tower structure. Each section was. checked for 
plumbness as it was added. Following the welding of the basic structure the 
catwalk was welded at the top of the tower and a door was’ cut in the base of 
the tower and reinforced. Grout was then placed under the base plate and the 
anchor bolts tensioned. Afler the tower erection w^s complete the tower was 
sand blasted and- three coats of epoxy paint applied. The tower for Unit one 
was erected using the gin pole. A conventional crane was used to erect the .. 
towers for Units two and three as the gin pole was in use at site #1. 

Due primarily to transportation limitations, the nacelle and contents was 
received at the construction site partially assembled. It was off-loaded onto 
stands and fully assembled on the ground prior to installation on the top of 
the tower. Figure A-4 shows the nacelle resting on its stands at the tower 
base. The nacelle was equipped with removable hatches to facilitate the 




QInpota 
boom rMt 
towar 


B 


Gin ^la 


FfQunA-3. Tower Instai 
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Installation of Internal equipment. The quill -shaft coupling, the gearbox and 
the generator were placed In the nacelle through these hatches. The hatches 
were replaced and the gearbox oil cooler, the wind sensors, ttie ventilators, 
and the aircraft warning lights were Installed on the nacelle roof. The yaw 
bearing, the yaw brakes, the yaw brake disk and the gearbox oil reservoir were 

bolted beneath the nacelle. Pipjng was Installed to connect the gearbox with 

the various components of the lubrication system. Following flush1np-of the 
lubrication system, leak testing and completion of electrical Installation 
work, the Nacelle Integration Test was completed to ensure proper operation 
prior to Installation on top of the tower. 

In preparation for hoisting the nacello four. tag lines were attached to the 

corners of the nacelle and secured to winches mounted on heavy equipment. ?. f 

These lines were 4ised to stabilize the nacelle during the lift and to_al1gn 

the nacelle as It was set on the top of the tower. A lifting fixture designed 

for the nacelle lift and previously load tested to 200% of the nacelle weight 

was pinned to lifting lugs on. the nacelle roof (Figure A>4). The nacelle was 

then hoisted to the top of the tower and bolted in place (Figure A-51. The 

tag lines were remoMd, the wind sensors raised and the nacelle was yawed to 

face the gin pole In preparation of the rotor lift. 

The rotor was received In five sections for Unit one.Jone hub, two 
mid-sections and tito tips). The hub was off-loaded, rolled onto edge with a- 
handllng fixture and placed In holding fixtures. The mid-sections were bolted 
to the hub and the joint sealed. The tips were joined to the mid by Inserting 
the spindle In the. raid and bolting the spindle barrel and actuator swivel to 
the mid-sections. For Units two and three the mid-blade was shipped with the 
tip attached to reduce field Installation costs. Figure A-6 shows a mid-tip 
assembly arriving at the site. After the rotor was assembled It was balanced 
by placing a specified amount of weight In one of the mid-sections.. The rotor 
Integration test was then completed to verify the Integrity of the rotor 
hydraulic and electrical systems and to verify the rotor was- sealed -for proper 
operation of the crack detection system prior to Installing It on the turbine. 
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To provide stability during the rotor lift the same four part tethering system 
used on the nacelle -lift was attached to the ends of the rotor. A lifting 
fixture designed for the rotor lift and previously load tested to 200% of the 
rotor weight was attached to the rotor and the rotor was hoisted into place 
(Figure A-7). The rotor was. then bolted to the low speed shaft and the 
hydraulics and electrical connections made. The rotor remained tethered to 
prevent its rotation during drive train alignment. 

Following drive train alignment the rotor was rotated to a vertical position 
using the rotor positioning tool to aUow instalUtion of the teeter stops. 
Installation of the teeter stops completed the WTS structural assembly. 

During the construction process electrical equipment was being installed 
throughout the wind turbine systein. This included installation olthe yaw 
slip ring, cable trays, wiring, electrical switchgear and transformers, buried 
cable to the B.P.A. substation and fiberoptics to the data center. 


Following completion of Unit one, the 
three for installation of the nacelle 
of Units two and th-.ee was similar to 
the exceptions previously discussed. 


gin pole was moved to Units two and 
and rotor on ihose units. Construction 
the process described for Unit one with 


A-9 


appendix \i 


LIST OF SYMBOLS AND ABBREVIATIONS 


SYMBOL 

a 

a 

a 

A 

AEP 

AH 

AISC 

AH 

Ap 

AOM 

b 

BEC 

BFL 

BTU 


MEANING 

power scaling exponent 
windage churning loss 
length 

amplitude of gusts 
annual energy production 
amphere hours 

American InsUtute of Steel Construction 
al titude 

particular value of "A" 

annual operations and maintenance costs 

width 

Boeing Engineering and Construction 
basic factory labor 
British thermal un1t{s) 


c 

c 

c.g. 

Cp (Cd) 
Cl (Cl) 
COE 
COEP 

C.P.G. 


chord (airfoil) 

Welbull constant 
center of gravity 
drag coefficient 
lift coefficient 
cost of electricity 
cost of electricity program 
power coefficient 
compact planetary gear 
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CPM (CP,„) maximum system efficiency 

^^max maximum rotor power coefficient 

—critical buckling stress 
CRT computer remote terminal 

Cu copper 

cu. ft. cubic feet 

C.Y. cubic yards 

D (DIA) diameter 

da/dn crack growth rate | 

db decibal (s) 

DC direct current 

DG diesel dri ven -generator 

doe Department of Energy 

E modulus of elasticity 

EOCP energy output computer program 

^s specific energy 

f limit load stress 

*^cr critical load 

FCR fixed charge rate (annualized) 

FMAT materi al factor 

EMEA failure mode and effects analysis 

FMFG manufacturing factor 

^n frequency requirement 

F (P) load 

FPS feet per second 

FR failures per year 


\ 
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freq. 
ft. 
ft. 2 


frequency 

feet 

square foot 


g 

G 

GCB 

GR 


hr(s) 

Hz (HZ) 

IC 

in (s) 


acceleration due to gravity 
modulus of rigidity 
generator circuit breaker 
steel grade 
hour(s) 

Hertz (cycles/sec.) 

total WTS cost 
inch (es) 


K 

K 

Kc 

*^max 

KOI 

KPC 

KRO 

Ksi 

KV 

KVA 

kW 

kWh 

Kips 

1b(s) (#) 
L.E. 

LERC (LRC) 


Wei bull constant (exponent) 
one thousand 
buckling constant 

maximum stress intensity for each block of cycles 

maximum stress intensity on each spectrum 

pitch control cost factor 

baseline value (cost) 

thousand pounds per square inch 

kilovolt (s) 

kilovolt amphere (s) 

kilowatt (s) 

kilowatt hour (s) 

thousand, pound (s) 

pound (s) 

leading edge 

Lewis Research Center 
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m 

M 

max 

MDT 

min 

mph 

M.S. 

MSB 

MTBF 

MW 

MWh 

n 

n 

N 

NACA 

NASA 

0 & M 

O.D. 

PF 

Ps 

psi 

Powgn 

PT 

r 

R 

R 


meters 

moment 

maximum 

mean down time 

minimum 

miles per hour 

margin of safety 

most significant bit 

mean time between failure 

megawatt (s) 

megawatt hour (s) 

number of spares 
circular frequency 
efficiency 

National Advisory Committee for Aeronautics 
National Aeronautic and Space Administration 

operations and maintenance 
outside diameter 

power factor 

specific power 
pounds per square Inch 
power error gain 
particle test method 

radial distance from hub center 

radius of WTS rotor 

minimum stress /maximum stress 
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RAD 

RAM 

rev 

ROT 

rpm 

RT 

RTGN 


radian (s) 

Reliability, Availability, Maintainebillty 
revolution . 
rotor cost 

revolutions per minute 
cadJo graphic test method 
rate error gain 


s 

s (sec) 
SCF 

STD. 


stress 
second (s) 

structural composites industries 
standard temperature day 


t 

t 

T.E. 

Tw 


thickness 
recorder time 
trailing edge 

torque extracted from wind 


UPS uninterruptable power supply 

UT ultrasonic test method 


V (V„) 

Vr 

Vel 

Vin 

Vo 

Vo 

Vout 

Vr 

VT 


volt (sJ 
wind velocity 
rated wind velocity 
velocity 

cutin wind velocity 

design wind velocity 

empriical homogenous wind speed 

cutout wind velocity 
reference wind velocity 
visual test method 
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WT 

weight 

WT 

wind turbine 

WTS 

wind turbine system 

X 

reference axis 

y 

reference axis 

yr 

year (s) 

z 

reference axis 

z 

elevation above ground level 

^0 

surface roughness length 

2 

r 

reference height 

1 

feet 

II 

i nches 

i 

cents 

$ 

dollars 

% 

percent 

op 

temperature, JEahrenheit 

oc 

temperature, Centigrade 

$F 

cost of failure 

0 

degrees 

< 

less than 

< 

less than or equal to 

MR 

equal to 

> 

greater ihan 

> 

greater than or equal to 
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; 


much less than 
much greater than 


0 

♦ ( 9 ) 

a 

0c 

ax 

A 

P 

■ 

0 

A 

P 

y 

e 

n 


failure rate 
solidity 

phase (electrical) 
wind- yaw error 
standard deviation 
collective pitch angle 

longitudinal component of turbulence spectrum 
longitudinal turbulence intensity 
wind velocity separation distaace 
air density 
rotor rate 
change 
density 
Poisan's Ratio 
pitch angle _ 
efficiency 
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